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1 . 0  INTRODUCTION 

I n  r e c e n t  y e a r s  t h e  r e d u c t i o n  o f  j e t  engine  n o i s e  has  been 
d rama t i c .  These improvements have l a r g e l y  been c o n c e n t r a t e d  
on t h e  b l a d e  p a s s i n g  f r e q u e n c i e s  and t h e i r  h i g h e r  harmonics.  
The c o n t r i b u t i o n s  of  t h e s e  components has  been so reduced 
t h a t  a t t e n t i o n  is now be ing  focused on t h e  ne# t  m o s t  ob- 
j e c t i o n a b l e  sound emanating f r o m  t h e  j e t  e n g i n e , t h a t  i s , t h e  

I 

i 
~ m u l t i p l e  pure  t o n e  sound. 
I 
I 
I M u l t i p l e  pure  t o n e  sound from a i r c r a f t  engines  i s  charac-  

t e r i z e d  by i t s  n o i s e  s p e c t r a  con ta in ing  numerous s p i k e s  a t  
I s h a f t  r o t a t i o n a l  f requency.  Often some o f  t h e  s p i k e s  pre-  

v a i l  ove r  t h e  s p i k e s  a t  b l a d e  pass ing  frequency and are 
t h u s  q u i t e  a u d i b l e .  The response  of human ears t o  m u l t i p l e  
p u r e  t o n e  sound ( abbrev ia t ed  as MPT sound) i s  d i s t i n c t l y  
d i f f e r e n t  from t h e  response  t o  b lade  pass ing  frequency 
sound. Most people  h e a r  b l a d e  pass ing  frequency sound as 
a s h r i l l  whine. MPT i s  pe rce ived  a s  a much l o w e r  t o n e  and 
more ragged t y p e  of sound. MPT i s  a l so  c a l l e d  "buzz s a w "  
sound because it is  a l l e g e d l y  s i m i l a r  t o  t h e  sound from a 
c i r c u l a r  buzz s a w .  

I 

Recent ly  publ i shed  works  of  Kester (Ref.  l ) ,  S o f r i n  and 
p i c k e t t  ( R e f .  2 )  and P h i l p o t  (Ref. 3 )  expe r imen ta l ly  e s t a b -  
l i s h e d  t h e  e s s e n t i a l  f e a t u r e s  of  t h e  MPT. F i r s t ,  t h e  MPT 
sound f r o m  t h e  c u r r e n t  f a n  beg ins  t o  dominate o v e r  t h e  b l a d e  
p a s s i n g  frequency sound when t h e  r e l a t i v e  t i p  speed of  t h e  f a n  
exceeds s o n i c  v e l o c i t y .  Second, it r a d i a t e s  on ly  from t h e  
i n l e t  d u c t  of t h e  f a n  and n o t  o u t  of t h e  d i s c h a r g e  d u c t .  
Th i rd ,  and most impor t an t  of a l l ,  t h e  MPT s i g n a l  i s  h i g h l y  
r e p e t i t i v e  ove r  each r e v o l u t i o n  of t h e  rotor .  These observed  

waves from f a n  t i p  are r e s p o n s i b l e  f o r  t h e  g e n e r a t i o n  of  t h e  
MPT. Refs .  1 and 2 p r e s e n t  convincing ev idence  t h a t  t h i s  i s  
indeed  t h e  cause .  

. 
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When t h e  r e l a t i v e  Mach number of  t h e  f a n  t i p  exceeds u n i t y ,  
bow shocks emanate from t h e  l ead ing  edge of  each b l a d e  and,  
a s  long  as t h e  a x i a l  v e l o c i t y  remains subson ic ,  one branch  
of bow shocks propagates  away from and upstream of  t h e  r o t o r .  
These bow shocks are locked t o  and s p i n n i n g  w i t h  t h e  r o t o r .  
I n  t h e  absence of any geometr ic  a b e r r a t i o n  of t h e  b l a d e ,  t h e  
bow shocks would b e  s p a t i a l l y  uniform i n  s t r e n g t h  and s p a c i n g  
( excep t  f o r  t h e  monotonic a t t e n u a t i o n  w i t h  d i s t a n c e  from t h e  
r o t o r ) .  However, r e f e r e n c e s  1 and 2 r e p o r t  t h a t  t h e  p re s -  
s u r e  p a t t e r n  i n  t h e  compressor cas ing  i n d i c a t e s  an i n c r e a s i n g l y  
nonuniform shock p a t t e r n  w i t h  i n c r e a s i n g  a x i a l  d i s t a n c e  up- 
stream of t h e  r o t o r  p l ane .  S ince  t h e  shock waves are s p i n -  
n i n g  w i t h  t h e  r o t o r ,  a s t a t i o n a r y  obse rve r  i s  swept by t h i s  
shock p a t t e r n  i r r e g u l a r  b o t h  i n  spac ings  and s t r e n g t h  b u t  
r e p e t i t i v e  a t  each r e v o l u t i o n  of  r o t o r .  Thus t h e  funda- 
menta l  harmonic of such a sound i s  a t  t h e  rotor f requency .  



Were the shock patterns uniform, the fundamentals would be 
at the blade passing frequency. The causes of such irregular 
shock pattern amplification has been suggested to be the non- 
uniformity in the geometry of the blades in an actual fan. 
Although this is the most plausible explanation, it appears 
not to be positively confirmed. Manufacturing tolerances 
of conventional fans are usually very small and it is there- 
fore a legitimate question to ask whether such small non- 
uniformities in the blades could be responsible for the 
generation and evolution of MPT. MPT sound does exist even 
in subsonic fans if the fan blades are designed deliberately 
to be nonuniform. However, in order to obtain substantial 
MPT sound, the nonuniformity of the blade has to be so large 
that sometimes they impair the other requirements. 

The specific objectives of the present investigation are as 
follows : 

(1) First, to confirm both analytically and experi- 
mentally, whether the lack of uniformity of blade geometry 
within the manufacturing tolerances are responsible for the 
MPT sound. 

( 2 )  Second, to determine whether different types of 
nonuniformities can be characterized by their effect. on the 
generation of the MPT sound. 

(3) Third, to determine the effect of the relative 
Mach number and the flow angle on the evolution of the MPT 
sound. 

(4) Fourth, to determine the effect of the inlet duct 
length on the MPT sound generation. 

In the section immediately following, section 2, the 
analytical method of MPT prediction is described. Section 
3 presents the results based on the analysis. Section 4 
discusses the experimental approach and facilities. 
Section 5 presents the conclusions and recommendation for 
future work. 
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2 . 0  ANALYSIS 

I 

2 . 1  Problem S t a t e m e n t  and Assumptions 

The problem t o  be analyzed may b e  posed a s  f o l l o w s :  

Given a r o t o r  w i t h  b l a d e s  o f  known g e o m e t r i c a l  non- 
u n i f o r m i t i e s ,  compute t h e  p r e s s u r e  f i e l d  upstream of  t h e  
r o t o r .  

To r e p e a t  t h e  f i n a l  o b j e c t i v e ,  t h e  g o a l  i s  t o  examine i f  t h e  
sma l l  e r r o r s  w i t h i n  t h e  manufactur ing t o l e r a n c e s  are respon- 
s i b l e  f o r  t h e  MPT. 

Needless t o  s a y ,  s i m p l i f i c a t i o n s  a re  needed t o  g r a p p l e  w i t h  
t h e  above problem and t h e  fo l lowing  assumptions are adopted:  

(1) T h e r e  a r e  no i n l e t  gu ide  vanes.  

( 2 )  The bow shocks a r e  a t t ached  t o  t h e  l e a d i n g  edges 
of t h e  b l a d e s .  

( 3 )  The flow f i e l d  c a n  be approximated by a two- 
d imens iona l  model. 

( 4 )  The d i f f u s i v e  e f f e c t s  due t o  v i s c o s i t y  and h e a t  
c o n d u c t i v i t y  are neglec ted .  

Some remarks  are needed t o  j u s t i f y  assumptions ( 3 )  and ( 4 ) .  
A q u e s t i o n  might be r a i s e d  a s  t o  the  v a l i d i t y  of two-dimensional 
assumption ( 3 )  i n  t h e  conven t iona l  supe r son ic  f a n  d e s i g n  where 

t o  t h e  t h e o r e t i c a l  s tudy  performed by McCune ( R e f s .  4 and 5 ) ,  
t h e  three-d imens iona l  e f f e c t s  f o r  such f a n s  are s o  l a r g e  t h a t  
s t r i p  t h e o r y  i s  h a r d l y  adequate .  However, d i a g o n a l l y  o p p o s i t e  
expe r imen ta l ly  ev idence ,  which seems t o  l end  s u p p o r t  t o  t h e  
p r e s e n t  assumption,  was p re sen ted  i n  Ref. 2 where t h r e e -  
d imens iona l  e f f e c t s  w e r e  i n v e s t i g a t e d .  By i n s e r t i n g  an a n n u l a r  
sleeve i n  t h e  v i c i n i t y  of t h e  t i p ,  they e l i m i n a t e d  i n t e r f e r e n c e  
i n  t h e  r a d i a l  d i r e c t i o n .  Comparison between t h e  shock p a t t e r n s  
w i t h  t h e  e v o l u t i o n  of  i r r e g u l a r  shock p a t t e r n s .  Suppor t  of as- 
sumption ( 4 )  is  a l s o  found i n  R e f .  2 .  According t o  t h e i r  m e a -  
surements ,  s t a r t i n g  from a chord l eng th  o r  so  away from t h e  
r o t o r ,  t h e  decay r a t e  o f  average  shock s t r e n g t h  w a s  found t o  
be i n v e r s e l y  p r o p o r t i o n a l  t o  t h e  a x i a l  d i s t a n c e .  According t o  
Blacks tock  (Ref.  6 )  t h i s  decay r a t e  i s  p r e c i s e l y  t h a t  which 
can be p r e d i c t e d  by t r e a t i n g  t h e  flow everywhere as nondis-  
s i p a t i v e  (wi th  t h e  excep t ion  o f  i n s i d e  t h e  shock wave) provided  
t h e  a x i a l  d i s t a n c e  from t h e  r o t o r  i s  n o t  t o o  l a r g e ;  whereas a 
d i s s i p a t i v e  model should  show exponen t i a l  decay.  The re fo re  
it s e e m s  t h a t  assumption ( 4 )  i s  v a l i d  provided t h e  a t t e n t i o n  

r a l a + i T y e  Mr~r.h ,-.,,-L-v LL- L.-L :- J C l L L  - L : l l  ~ U ~ ~ U I I I L .  i i L . c ; u i G i r i g  ----- 
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is restricted to the near and intermediate field region of 
the rotor. It is a fortuitous circumstance that despite the 
fact that the wall boundary layer along the outer casing 
exists in the vicinity of the tip shock, these dissipative 
effects on the shock decay at the outer edge of the boundary 
layers are negligible. 

2.2  Outline of Analysis 

Basically the whole analysis consists of the construction of 
shock-expansion wave diagram upstream of rotor. Complications 
arise because of mutual interference between blades. Before 
considering how to estimate the effects of blade nonuniformity 
on the wave system, it is instructive to consider the wave 
system for the ideal rotor without any asymmetry. Fig. 1 
shows the wave system for such an idealized rotor and the 
description of the wave system is given in Reference 7. 
Since the grasp of the wave system for the idealized rotor 
is vital to the understanding of the next step, it is sum- 
marized below. As seen in Figure 1, part of the expansion 
fans emanating from the suction surface between A and C in- 
teract with the shock wave generated from the same blade, 
while the rest of the expansion fans between C and B inter- 
act with the shock wave emerging from the adjacent blade. 
The dividing Mach line C - C is the only wave not intercepted 
by the shock and extends to infinity. Point C is that loca- 
tion on the blade the tangent of which is parallel to the 
velocity direction at infinity. If we cannot find a surface 
tangent parallel to the velocity direction at infinity, this 
is an unsteady condition and after the transient emissior, of 
an expansion fan at the leading edge, the velocity at infinit11 
adjusts itself until the proper conditions are established on 
the suction surface. The trajectory of the curved shock can 
be determined by locally applying oblique shock relations. 
The conditions ahead and behind the shock are known from the 
Prandtl-Meyer relation. 

Having once grasped the above, it is immediately clear how to 
examine the nonuniform blade arrangement. We need only 
identify the change of position C from one blade to another 
due to the change in the geometry between blades. The rest 
is exactly the same as the idealized symmetrical rotor. 

A computer program was written with which the wave diagram 
may be constructed. As the sources of nonuniformity, the 
following blade-to-blade errors were considered. 

(1) Spacing between blades, 

( 2 )  Stagger angle, and 

( 3 )  Blade contour near the leading edge. 
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Given the distribution of these errors and the flow conditions 
far upstream as inputs, the program provides such outputs as 
the pressure distribution, its harmonic components and bow 
shock trajectories as functions of axial distance. The de- 
tailed description of the program is given in Appendix l. 
We will present here only a few points pertinent to the wave 
construction procedure utilized. 

Referring to Fig. 1 again, once point C is located on the 
first blade, the expansion fans between C and B can be con- 
structed immediately. The expansion fan B intersects the 
leading edge of the 2nd blade, A'. From the wedge angle of 
the second blade, the initial shock shape can be constructed 
as A'P'. The flow immediately downstream of the shock (in 
the region 1) is also known. Now, according to the consid- 
erations at the beginning of this section, the flow in region 
1 must accelerate and attain Mach number at infinity at point 
C' where again the tangent to the blade is parallel to the 
velocity far upstream. This might seem to be true only if 
the shock is extremely weak. However it turns out that this 
holds true even if the wedge angle is moderately large, say, 
10 degrees or so. This results from the fact that reflection 
of the expansion wave by the shock is small and confirms the 
validity of locating point C' (and C) by the aforementioned 
principle. Resuming the procedure of determining bow shock 
trajectory, the next segment P'Q' can be determined by finding 
the oblique shock satisfying the known upstream and downstream 
conditions. The same process determines the complete wave 
system between two adjacent blades. There is one small salient 
point to be made here. In as much as in the downstream region 
(say, region 2 )  not only the flow direction but the velocity 
is known and the shock is determined solely by specifying 
eir'ner one of m e m ,  it appears t h a t  t h e  prableir, is cver-  
determined and some conflicting results might show up by the 
particular choice 3f downstream condition between the two. 
Actually it turns out the choice is insignificant so long as 
the shock remains moderate in strength. In the computer pro- 
gram, the flow direction is taken as the known downstream 
condition. 

2 . 3  Comparison with Hawkings' Method 

After the completion of the present investigation, a recently 
published analysis of MPT by Hawkings (Ref. 8 )  came to the 
attention of the present investigators. Although the basic 
physical model of the shock-expansion fan interference and 
the assumptions are the same, there appears to be distinct 
differences between the two approaches. Hawkings' approach 
is essentially a one dimensional (plane), unsteady shock 
analysis, whereas the present method is a two-dimensional 
(non-planar) , steady shock analysis. According to Hawkings, 
if one takes a direction normal to the average shock fronts, 
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theory of one-dimensional shock propagation is then applied 
to describe their time history. The time, of course, is re- 
lated to the axial distance. In the present analysis, the 
shock is treated as two-dimensional. Although the shocks are 
actually two-dimensional because of their curvatures and 
blade-to-blade differences, one-dimensional assumption of 
Hawkings is probably a reasonably good one. Such an approach 
has the advantage of being able to preserve the analytical 
expressions up to the advanced stages of computation. The 
most crucial difference between the two methods are the fol- 
lowing: In the Hawkings' analysis, the initial nonuniformity 
of pressure profile has to be specified in order to obtain the 
history of shock propagation and the relation between the non- 
uniform pressure profile and the nonuniform blade geometry has 
to be guessed by some indirect means. In the present analysis, 
it is unnecessary to specify the initial pressure profile which 
results as a part of the answer once the nonuniformity of 
blade geometry is specified. Since, as emphasized before, 
the kernel of the supersonic MPT problem is to investigate 
whether small errors within the manufacturing tolerances are 
really responsible for MPT generation, it would seem that the 
present analysis answers the question in a more direct way. 
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3.0 RESULTS OF THE ANALYSIS 

U t i l i z i n g  t h e  a n a l y s i s  d e s c r i b e d  i n  S e c t i o n  2 ,  sample corn- 
p u t a t i o n s  w e r e  conducted and these  w i l l  be p re sen ted  h e r e i n .  
The cascade  geometry and t h e  b l a d e  shape chosen i s  g iven  i n  
Table  1. 

3 . 1  I d e a l  Uniform Blades -- Decay Rate of :hock S t r e n g t h  

A s  f a r  as t h e  MPT sound is  concerned, t h e  c a s e  of  t h ?  uniform 
b laded  r o t o r  i s  of  no p a r t i c u l a r  consequence. However such an 
i d e a l i z e d  case provides  a good check on t h e  e n t i r e  a n a l y s i s .  
F i g u r e  2 i s  a p l o t  of t h e  decay o f  t h e  shock s t r e n g t h  f o r  an  
i d e a l l y  uniform cascade  v e r s u s  a x i a l  d i s t a n c e .  It  i s  r e a d i l y  
observed t h a t  t h e r e  i s  a change over i n  t h e  decay ra te .  I n  
t h e  v i c i n i t y  of  t h e  r o t o r  t h e  decay i s  g r a d u a l ,  a t  a ra te  
approximate ly  p r o p o r t i o n a l  t o  t h e  i n v e r s e  s q u a r e  r o o t  of  t h e  
d i s t a n c e .  A f t e r  a t r a n s i t i o n  i n  the neighborhood of one b l a d e  
s p a c i n g  ahead of t h e  r o t o r ,  t h e  decay r a t e  becomes approximately 
i n v e r s e l y  p r o p o r t i o n a l  t o  d i s t a n c e .  
( R e f .  6 ) ,  t h i s  i n v e r s e  decay r a t e  i s  what can be expected 

w i t h  t h e  i n v i s c i d  model i n  t h e  i n t e r m e d i a t e  r e g i o n  between 
t h e  c l o s e  n e a r  f i e l d  of  t h e  r o t o r  and t h e  f a r  f i e l d .  An i n -  
t e r e s t i n g  comparison can be  made between F i g u r e  2 and F i g u r e  
14 of Ref. 2, which i s  reproduced here  as F i g u r e  3. I n  
F i g u r e  3, t h e  shock s t r e n g t h  i s  a n  average  shock s t r e n g t h  
measured from t h e  a c t u a l  f an .  Thus t h e  measured decay r a t e  
of an i n d i v i d u a l  shock r e f l e c t s  t h e  b lade- to-b lade  non- 
un i fo rmi ty  b u t  t h e  average  decay r a t e  can be cons idered  t o  
be c l o s e  t o  t h e  i d e a l  uniform b lade  case. The nominal 
spac ing  of  t h e  f a n  b l ades  i s  abou t  2 . 8  i n c h e s .  I t  i s  s e e n  
t h a t  t h e  two d i f f e r e n t  decay r a t e  and t h e i r  t r a n s i t i o n a l  
p o i n t  a g r e e s  q u i t e  w e l l  w i t h  t h e  computed r e s u l t s .  

According t o  Blacks tock ,  

3.2 Nonuniform Blade Geometry 

3.2.1 E f f e c t s  of Blade Spacing Er ro r s  

A t  t h i s  p o i n t  only t h e  e f f e c t  of b lade  s p a c i n g  e r r o r s  i n  t h e  
absence of  o t h e r  nonun i fo rmi t i e s  w i l l  b e  cons ide red .  F i g u r e  
4 shows t h e  growth of MPT i n  t h e  two cases of  spac ing  e r r o r  
d i s t r i b u t i o n .  The two d i f f e r e n t  e r r o r  d i s t r i b u t i o n s  are 
g iven  i n  Table  2. It i s  eas i ly  seen t h a t  even a t  a d i s t a n c e  
of f i v e  b l a d e  spac ings  ahead of t h e  r o t o r ,  t h e  MPT i s  s t i l l  
less t h a n  t h e  b l a d e  pass ing  frequency i n  i n t e n s i t y .  S ince  
t h e  expe r imen ta l  r e s u l t s  show t h a t  MPT i n t e n s i t i e s  exceed 
BPF a t  abou t  two o r  t h r e e  b l a d e  spac ings  ahead of r o t o r ,  it 
would appear  t h a t  spac ing  e r r o r s  per s e  are i n s i g n i f i c a n t  i n  
MPT g e n e r a t i o n .  This  i s  i n  c o n t r a d i c t i o n  t o  t h e  s p e c u l a t i o n  
of Ffowcs-Williams (Ref. 9), where  t h e  e r r o r  i n  c i r c u m f e r e n t i a l  
p o s i t i o n i n g  i s  one of t h e  e s s e n t i a l  f e a t u r e s  of MPT. The 
answer t o  t h e  q u e s t i o n  as t o  which i s  c o r r e c t  cannot  be pro- 
v ided  by t h e  exper imenta l  f a n  simply because a c t u a l  f a n s  c o n t a i n  
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o t h e r  nonun i fo rmi t i e s  which t e n d  t o  mask, as w i l l  be s e e n  
s h o r t l y ,  t h e  spac ing  e r r o r  e f f e c t s .  

3 . 2 . 2  E f f e c t s  of S tagger  Er ro r s  

F i g u r e  5 shows t h e  e f f e c t  of s t a g g e r  e r r o r s  i n  t h e  two cases 
of s t a g g e r  e r r o r  d i s t r i b u t i o n s .  The two d i f f e r e n t  e r r o r  
d i s t r i b u t i o n s  are  g iven  i n  Table 3 .  A t  t h r e e  b l a d e  spac ing  
ahead of r o t o r ,  some MPT harmonics beg in  t o  p r e v a i l  over  BPF 
harmonics and t h i s  t r e n d  ag rees  w i t h  t h e  o b s e r v a t i o n s  (Ref s .  
1 and 2 ) .  The p l o t  of p r e s s u r e  p r o f i l e s ,  F i g u r e  6 ,  shows t h e  
change of p r e s s u r e  p r o f i l e s  a t  t h r e e  d i f f e r e n t  a x i a l  l o c a t i o n s .  
Close  t o  t h e  r o t o r ,  t h e  shocks a r e  more o r  less uniform both 
i n  s t r e n g t h  and spac ings  b u t  away from t h e  r o t o r ,  they  become 
very i r r e g u l a r .  Such a t r e n d  i s  a l s o  w e l l  e s t a b l i s h e d  by 
experiments  ( R e f s .  1 and 2 ) .  Therefore  it would s e e m  s a f e  t o  
conclude t h a t  s t a g g e r  e r r o r s  a r e  impor t an t  MPT g e n e r a t o r s .  
p h y s i c a l l y  there  are two mechanisms of MPT g e n e r a t i o n .  F i r s t ,  
s i n c e  t h e  a i r f o i l  shape of t h e  supe r son ic  f a n  is n e a r l y  a 
f l a t  p l a t e ,  even a s m a l l  change i n  t h e  s t a g g e r  can cause  ap- 
p r e c i a b l e  p o s i t i o n a l  change o f  p o i n t  C of F i g u r e  1 a long  t h e  
s u c t i o n  s u r f a c e .  T h i s  p o s i t i o n a l  change of C i n  t u r n  induces 
t h e  b lade- to-b lade  changes i n  t h e  i n i t i a l  shocks bo th  i n  
s t r e n g t h  and d i r e c t i o n .  Second, t h e  i n i t i a l  d i f f e r e n c e  i n  
t h e  shock d i r e c t i o n  a m p l i f i e s  t h e  shock-to-shock spac ing  non- 
uni formi ty  a s  t h e  shocks propagate  upstream. The re fo re  
seemingly s m a l l  s t a g g e r  e r r o r s  r e s u l t  i n  s u b s t a n t i a l l y  ir- 
r e g u l a r  shock p a t t e r n s .  P h i l p o t  ( R e f .  3 )  appears  t o  be  t h e  
f i r s t  t o  s p e c u l a t e  t h e  importance of s t a g g e r  e r r o r s  f o r  MPT. 
The b l a d e  contour  e r r o r s  would a l s o  be a s t r o n g  g e n e r a t o r  of 
MPT due t o  t h e i r  effects s i m i l a r  t o  s t a g g e r  a n g l e  e r r o r s .  
The c o n t r o l  of such e r r o r s ,  however, i s  extremely d i f f i c u l t  
t o  ach ieve  because of t h e  bu f f ing  p r a c t i c e  i n  manufacture  
and d e p o s i t i o n  of f o r e i g n  m a t e r i a l s  d u r i n g  f l i g h t  s e r v i c e .  
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4 . 0  MPT EXPERIMENTS 

4 . 1  I n t r o d u c t i o n  

p r e v i o u s  i n v e s t i g a t o r s  ( R e f .  1, 2 and 3 )  have  s t u d i e d  t h e  
growth of t h e  m u l t i p l e  p u r e  t o n e s  i n  f u l l - s i z e d  cnmpressors .  
I n  m o s t  of these cases t h e  f l o w  geometry upstream of  t h e  
r o t o r  p l a n e  w a s  r a p i d l y  d i v e r g i n g ,  i .e. a n  i n l e t  be l lmouth  w a s  
used. Only a ve ry  l i m i t e d  amount of data (Ref .  2 )  w a s  t a k e n  
i n  a c o n s t a n t  area annu lus .  I n  t h i s  i n v e s t i g a t i o n ,  t o  
e s t a b l i s h  t h e  connec t ion  between b l a d e  d e f e c t s  and MPT 
g e n e r a t i o n ,  t h e  ro tor  nonun i fo rmi t i e s  are measured and used  
t o  p r e d i c t  t h e  MPT g e n e r a t i o n .  To a l low a r easonab ly  v a l i d  
comparison between t h e  p r e d i c t i o n s  and exper iments  a c o n s t a n t  
area i n l e t  annulus  of approximate ly  9 r o t o r  blade s p a c i n g s  
i s  used. The e v o l u t i o n  of  t h e  wave p a t t e r n  i n  t h i s  l o n g  in -  
l e t  i s  i n v e s t i g a t e d  by p l a c i n g  p i e z o e l e c t r i c  p r e s s u r e  t r a n s -  
d u c e r s  i n  t h e  o u t e r  w a l l  a t  t h r e e  upstream l o c a t i o n s .  Mea- 
surements  Of the n o i s e  emanating from t h e  compressor  i n l e t  
are s i m u l a t e d  by u s i n g  a t r a v e r s i n g  microphone i n  an i n l e t -  
a c o u s t i c a l  plenum chamber. The e f f e c t  of t h e  l e n g t h  of t h e  
i n l e t  d u c t  on t h i s  sound emiss ion  w i l l  be i n v e s t i g a t e d  by 
u s i n g  t w o  d i f f e r e n t  d u c t  l e n g t h s .  

The effect  of t h e  f l o w  variables t h a t  are of i n t e r e s t ,  t h e  
relative Mach number and t h e  i n l e t  f l ow a n g l e ,  w i l l  a lso be 
determined.  By runn ing  the  compressor a t  t h r e e  speeds  and 
t h r e e  d i f f e r e n t  d i s c h a r g e  l o a d  s e t t i n g s  a t  each  speed  t h e  
e f fec t  o f  t h e s e  v a r i a b l e s  on t h e  MPT e v o l u t i o n  can  b e  
de te rmined .  

4 . 2  T e s t  Compressor 

The tes t  rotor is  a model of a f i r s t  s ta te  f a n  rotor  f r o m  t h e  
G.E. TF-39, scaled t o  a 6 i n c h  O.D. and o p e r a t e d  i n  a c losed -  
compressor  a c o u s t i c  test loop. Freon 1 2  is used as t h e  
working f l u i d  t o  r educe  the  running speed  a t  any g i v e n  Mach 
number. 

The compressor  c o n s i s t s  o f  a s i n g l e  s t a g e  40-blade r o t o r  and 
a 72-blade o u t l e t  g u i d e  vane. The r o t o r  blade chord l e n g t h  
is  0 . 6  i nch .  F i g u r e  7 i s  a photograph of t h e  rotor  and 
F i g u r e  8 shows t h e  t y p i c a l  b l a d e  geometry. 

The compressor i n l e t  s e c t i o n  i s  made of two s e c t i o n s ,  a 
c o n s t a n t  area annulus  and an i n l e t  be l lmouth ,  as shown i n  
F i g u r e  9 .  By removing t h e  a n n u l a r  p i e c e  t h e  i n l e t  be l lmouth  
can  be b rough t  r i g h t  up t o  t h e  r o t o r  i n l e t  plane. 
manner t h e  e f fec t  of t h e  i n l e t  d u c t  l e n g t h  on t h e  i n l e t  
n o i s e  emis s ion  can  b e  de te rmined .  

I n  t h i s  

T o  s t u d y  t h e  g e n e r a t i o n  o f  t h e  MPT's i t  i s  n e c e s s a r y  t o  
remove a l l  other  p o s s i b l e  n o i s e  sou rces ,  if p o s s i b l e .  For  
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these tests the  i n l e t  guide vanes, IGV's, were removed and 
the  s t r u t s  ( 2  sets of 8 holding the  i n l e t  center  body) made 
very small, 0.047" thick , and placed as f a r  upstream of the 
r o t o r  as p rac t i ca l .  This w i l l  reduce the  d is rupt ion  of the  
wave pat te rn  t o  a minimal amount. Also the noise produced 
by t h e  ro tor  intercept ing the  waves f r o m  the s t r u t s  w i l l  be 
reduced. To reduce any noise due t o  the viscous wakes  from 
the  rotor  impinging on the  s t a t o r  and sny po ten t i a l  in te r -  
action between the  ro to r  and the s t a t o r ,  the s t a t o r  is  placed 
about 1.3 ro tor  blade chords downstream of the  ro tor .  

4.3 Experimental Fac i l i t y  

4.3.1 Test Loop 

The model compressor f i t s  i n t o  a tes t  loop which w a s  designed 
t o  determine the acoust ic  and monitor t h e  aerodynamic perfor- 
mance of a compressor. 

The compressor is  coupled t o  a var iab le  speed eddy cur ren t  
clutch e l e c t r i c a l  d r ive  which can de l ive r  100 hp a t  a maximum 
22,500 rpm. A running sha f t  carbon face seal and s t a t i c  
elastomer sea ls  i s o l a t e  the  tes t  gas from the  ex terna l  
environment. To isolate  t h e  plenum chamber and the  piping 
from t h e  compressor v ibra t ions  thick rubber gaskets are used 
a s  shear-type connections on the i n l e t  and exhaust. 

Figure 1 0  presents a layout drawing of the  compressor t e s t  
loop w i t h  the  reverberation chamber located upstream of the  
compressor. The volume of the  plenum chamber i s  approximately 
60 cubic feet  with a 16.8 sq. f t .  cross-section. The i n l e t  
duct of the compressor i s  coupled t o  the side of t he  lower 
portion of t h e  chamber. 

The compressor annulus has a 0 .092  sq. f t .  cross  sect ion f o r  
an i n l e t  contraction area r a t i o  of 182 .6 .  Following the  
compressor blade rows, the  annular flow path d i f fuses  over 
an area r a t i o  of about 2 .7  and i s  then collected i n  an 8 
inch diameter duct. The flow on leaving the  compressor passes 
through a b a l l  valve, a heat  exchanger, an ASME metering 
nozzle, and an acoustic muffler before re turning t o  the  
plenum. A minimum of 30 db of a t tenuat ion is  effected by 
the  muffler a t  frequencies above 2 K H z .  On enter ing t h e  
plenum t h e  flow is conditioned through a s e t  of d i f fus ing  
screens followed by a honeycomb straightener .  

Weight flow through the compressor i s  determined by measur- 
ing pressure drop across a ca l ibra ted  flow nozzle i n  the  8- 
inch pipe (see Figure 1 0 ) .  A t  the  s t a r t  of a tes t ,  a i r  is  
evacuated from the system, and then enough Freon added t o  
bring the pressure s l i g h t l y  above atmospheric pressure. 
maintain t h i s  condition during tes ts  - thus minimizing possible  
leakage of a i r  i n t o  the  system - t he  Freon tank i s  l e f t  
conilected t o  the  loop, with the valve open s l igh t ly .  Gas 
tes t  samples were taken before and a f t e r  compressor tes ts ,  
showing the Freon t o  be a t  a very high leve l  of pur i ty  
throughout the tes t  program. 

To 
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In a previous program (Ref. 4 1 ,  the sound levels produced by 
the drive motor and gear box employed to operate the model 
compressor were measured and found to be well below the levels 
to be expected from the compressor. Hence, no acoustic 
isolation was required. 

4 . 3 . 2  Aerodynamic Instrumentation 

For the tests described in this report only overall compressor 
performances data are taken. In the inlet annulus total 
temperature, total pressure and static pressure are measured. 
In the exhaust duct similar measurements are taken. The 
total temperature is measured with a TC - type 1/8 inch 
total temperature probe, manufactured by United Sensor and 
Control. The total pressure is measured using an 1/8 inch 
Kiel probe. Static pressure is measured with a wall static 
tap. 

In addition to the above meauurements, the pressure in the 
acoustic chamber (wall static tap), the pressure drop across 
the nozzle (wall static taps), and the gas temperature at the 
nozzle (bare-wire thermocouple probe) were also recorded. 
~ l l  these pressure measurements were taken with electronic 
pressure transducers, Pace Model KP-15. 

The compressor speed was sensed by an electromagnetic pickup 
mounted at the coupling and the speed pulses counted by means 
of an electronic counter. The flow was measured with an 
ASME long-radius nozzle of five-inch diameter. 

The signals obtained from these sensors are fed into a Hewlett 
Packard Data-Logger and read sequentially into a teletype 
consoie Fur p r i n t o u t  4113 r t s u r c i i i i y  VII  p a p e ~  iapo Ioi si&- 
sequent use in performance evaluation computer programs. 

4.3.3 Acoustic Instrumentation 

Inlet wave patterns are measured with piezoelectric pressure 
transducers manufactured by Kistler Instruments, Model 601L1. 
These probes are acceleration compensated and have a sensi- 
tivity to acceleration of 0.002 psi/g. The probes are 
mounted so that the sensitive portion is flush with the 
outer radius of the inlet annulus. These probes are located 
at 0.61, 1.76 and 3.01 rotor blade chords ahead of the rotor. 

The microphone in the inlet plenum is mounted on a motor- 
driven traversing mechanism that causes an oscillating motion 
of the microphone, back and forth across the chamber, on a 
circular arc in a plane not parallel to any of the chamber 
walls. The center of this path is along the compressor axis 
close to its inlet with a distance from the compressor inlet 
to the microphone of approximately 2 ft. 
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This  motion t a k e s  2 6  seconds  t o  t r a n s v e r s e  comple te ly  i n  bo th  
d i r e c t i o n s .  The w a l l s  of t h e  i n l e t  plenum chamber a r e  ha rd  
metal .  Hence, w i t h  p rope r  c a l i b r a t i o n  and i n s t r u m e n t a t i o n  
it may be used as a r e v e r b e r a t i o n  chamber to de te rmine  t h e  
acoustic power r a d i a t e d  f r o m  t h e  compressor i n l e t .  The de- 
t a i l s  of t h e  i n s t r u m e n t a l  and c a l i b r a t i o n  t echn ique  have pre-  
v ious ly  been d e s c r i b e d  i n  r e f e r e n c e  ( 3 ) .  B r i e f l y ,  t h e  pro- 
cedure is  t o  c a l i b r a t e  t h e  chamber us ing  t h e  " i n t e g r a t e d  
tone-burs t  method" developed by Schroeder  (11). During c o m -  
p r e s s o r  t e s t s ,  measurements were made by a 1/8 i n .  Brue l  and 
Kjaer Model 4138 condenser  microphone which had p r e v i o u s l y  
been c a l i b r a t e d  i n  Freon 1 2  gas  u s i n g  an e lec t ro-s ta t ic  
a c t u a t o r  ( 3 ) .  

S igna l s  from t h e s e  probes are  a m p l i f i e d  and f e d  t o  a 7 
channel i n s t rumen t  t a p e  r e c o r d e r  manufactured by t h e  Norelco 
Corporat ion.  These magnet ic  t a p e s  are  t h e n  ana lyzed  i n  a 
s p e c t r a l  a n a l y z e r ,  u s ing  a 1 0  Hz bandwidth.  This  a n a l y z e r  
uses  a t i m e  ave rag ing  scheme t o  y i e l d  t i m e  s t e a d y  f requency  
spectrums of  t h e  s i g n a l s .  The advantage  of t h i s  a n a l y s i s  
technique i s  t h a t  t h e  t i m e  ave rage  of t h e  s i g n a l s  i s  pre-  
sen ted  and n o t  an i n s t a n t a n e o u s  r e a d i n g .  Th i s  reduces  t h e  
d a t a  s c a t t e r  and produces ve ry  clear spec t rogram,  p a r t i c u l a r l y  
i f  the s i g n a l s  have a h igh  random n o i s e  c o n t e n t .  

1 2  



4.4 Experimental  R e s u l t s  

4.4.1 Rotor Imper fec t ions  

F igu re  8 shows t h e  t y p i c a l  b l a d e  geometry of t h e  r o t o r  as 
s p e c i f i e d  on t h e  drawings.  
r o t o r  d e f e c t s ,  as an i n p u t  t o  t h e  a n a l y s i s  d e s c r i b e d  pre-  
v i o u s l y ,  t h e  assembled r o t o r  w a s  measured p r i o r  t o  t e s t i n g .  
The chord a n g l e  and t h e  b l ade  spacing w e r e  measured a t  t h e  
t i p .  The b l a d e  p r o f i l e s  were inspec ted ,  b u t  n o t  measured, 
and w e r e  found t o  be wi thou t  major p e r t u r b a t i o n s .  F i g u r e  11 
shows t h e  v a r i a t i o n  i n  chord a n g l e  and t h e  b l a d e  s p a c i n g  as 
measured a t  t h e  t i p  l e a d i n g  edge. The average  chord a n g l e  i s  
measured t o  be 6 0 . 1  d e g r e e s ,  t h i s  combined w i t h  t h e  a n g l e  
between t h e  chord l i n e  and t h e  tangent  t o  t h e  mean camber 
l i n e  a t  t h e  t i p  l e a d i n g  edge of  1 . 6 O  y i e l d s  a s t a g g e r  a n g l e  
of 61.7O. The major p e r t u r b a t i o n s  o c c u r  between b l a d e s  7 
and 8 ,  and between b l ades  25 and 2 6 .  The s t a g g e r  a n g l e  varia- 
t i o n s  are on t h e  o r d e r  of _+ 1 degree w h i l e  t h e  s p a c i n g  v a r i a -  
t i o n  i s  w i t h i n  k 0.017 inch .  On t h e  f u l l  s i z e  f a n s  t h e  s t a g g e r  
ang le  v a r i a t i o n  i s  u s u a l l y  k 1/2 t o  ? 3/4 degrees .  Because 
c e n t r i f u g a l  f o r c e  i s  used t o  f i x  t h e  b l a d e s  i n  t h e  d o v e t a i l  
grooves,  i n  t h e  f u l l  s i z e  machines,  t h e  re la t ive  magnitude of  
t h e  spac ing  error i s  d i f f i c u l t  t o  estimate. However t h e  
s t a g g e r  a n g l e  e r r o r  i s  t h e  most c r i t i ca l ,  and it i s  expec ted  
t h a t  due t o  t h e  large var ia t ions i n  stagger a n g l e  t h e  MPT 
c o n t e n t  w i l l  b e  very  l a r g e  when compared t o  f u l l  s i z e  r e s u l t s .  

T o  ob ta in  a d e s c r i p t i o n  of t h e  

I 

4.4.2 Aerodynamic Performance 

I n  o r d e r  t o  e s t a b l i s h  t h e  v e l o c i t y  diagrams of t h i s  b l a d i n g ,  
a series of speed l i n e s  are run .  Figure 1 2  i l l u s t r a t e s  t h e  
performance d a t a  t o r  the  c o n a i t i o n s  a s  used i r i  Lilt: ~ G U U S L ~ C  
t e s t i n g ,  where PT1 and PT5 are t h e  i s e n t r o p i c  i n l e t  and ex- 
h a u s t  total p r e s s u r e s ,  W t h e  compressor weight  f l o w ,  8 t h e  
i n l e t  t empera ture  c o r r e c t i o n  and 6 t h e  i n l e t  p r e s s u r e  c o r r e c t i o n  

e x t e n s i v e  series of tests w e r e  conducted, b u t  are n o t  p e r t i n e n t  
t o  t h i s  s tudy .  From t h e  performance d a t a ,  t h e  r e l a t ive  t i p  
Mach number and t h e  inc idence  ang le ,  can be found from t h e  
a x i a l  f low v e l o c i t y ,  t h e  r o t o r  t i p  speed and t h e  b l a d e  s t a g -  
g e r  ang le .  F igu re  1 3  shows t h e  v a r i a t i o n  of i n c i d e n c e  a n g l e ,  
a ,  wi th  t h e  r e l a t ive  Mach number, M r ,  f o r  t h r e e  d i f f e r e n t  
speeds and t h r e e  d i f f e r e n t  d i scha rge  v a l v e  s e t t i n g s .  The 
v a r i a t i o n  of i nc idence  a n g l e  i s  less over  t h e  speed range  
than  t h e  load  range ,  w i th  a maximum v a r i a t i o n  of 2 deg rees  
from 19,000 rpm t o  2 2 , 7 0 0  rpm, while a maximum v a r i a t i o n  of  
3.5 degrees  occurs  when changing from t h e  least  d i s c h a r g e  
resistance t o  nea r  s t a l l .  The r e l a t i v e  Mach change w i t h  d i s -  
charge  s e t t i n g  i s  q u i t e  s m a l l ,  ( f o r  a f i x e d  speed)  about  3% 
o r  less .  

1 

I us ing  518.6OR and 2116 l b / f t 2  as a base r e s p e c t i v e l y .  A more 
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4 . 4 . 3  Acous t i c  T e s t s  

4.4.3.1 Microphone C a l i b r a t i o n  

I n  condensor microphones t h e  motion o f  t h e  diaphragm depends 
on the  dynamic and d i s s i p a t i v e  a f f e c t s  of t h e  ambient .  S i n c e  
t h e  microphone used i n  t h i s  s t u d y  i s  des igned  f o r  u s e  i n  a i r ,  
a c a l i b r a t i o n  of  t h e  f requency  r e sponse  c h a r a c t e r i s t i c s  i n  
t h e  Freon 1 2  environment  i s  conducted.  I n  t h i s  t e s t  t h e  
microphone and e lec t ros ta t ic  a c t u a t o r  are p laced  i n  a s m a l l  
g lass -wal led  t e s t  chamber. The chamber i s  evacua ted  and 
f i l l e d  w i t h  Freon 1 2 ,  and h e l d  a t  a s l i g h t l y  e l e v a t e d  pres- 
s u r e ,  2 t o  5 p s i g .  The e lec t ros ta t ic  a c t u a t o r  i s  d r i v e n  
through a Brue l  and K j a e r  microphone c a l i b r a t i o n  a p p r a t u s ,  
# 4 1 4 2 ,  and  t h e  microphone, a B r u e l  and Kjaer 1 / 8  i n c h ,  #4138 
i s  powered b y ' a  Brue l  and Kjaer Power Supply,  #280 l .  F i g u r e  
1 4  shows t h e  r e sponse  r e l a t i v e  t o  t h e  low f requency  (250  Hz) 
c a l i b r a t i o n  conducted i n  a i r  u s i n g  a B r u e l  and Kjaer p i s t o n -  
phone. S ince  t h e  f requency  r ange  of  i n t e r e s t  w a s  less t h a n  
1 6  KHz, only  a p o r t i o n  of t h e  dynamic r ange  of  t h e  microphone 
w a s  i n v e s t i g a t e d .  For  t h e  ambient  p r e s s u r e  r ange  ( 0  t o  3 
p s i g )  used,  t h e  e f f e c t  on microphone s e n s i t i v i t y  w a s  n e g l i g i b l e ,  
i n  t he  f requency  r ange  of i n t e r e s t  ( 2 5 0  Hz t o  50 K H z ) .  

4.4.3.2 Acous t i c  D a t a  Reduct ion Methods 

The p r i n c i p a l  method of  d a t a  r e d u c t i o n  employed i n  t h i s  re- 
p o r t  is t o  t a p e  r e c o r d  t h e  a c o u s t i c  s i g n a l s  and t h e n  u s e  a 
s p e c t r a l  a n a l y z e r  t o  o b t a i n  t h e  ampl i tude  f requency  spec t rum 
of  the s i g n a l s .  An impor t an t  f e a t u r e  of t h e  p a r t i c u l a r  
system employed i s  a t echn ique  f o r  o b t a i n i n g  t h e  t i m e  ave rage  
of  t h e  spectrum. The ana log  s i g n a l s  are  sampled, d i g i t i z e d  
and s t o r e d  i n  a d i g i t a l  computer and t h e n  t h e  ave rage  com- 
puted from t h e s e  ( 1 0 0  t o  2 0 0 )  samples .  Th i s  ave rage  v a l u e  
i s  then conve r t ed  back t o  an  ana log  form t o  d r i v e  t h e  ca thode  
r a y  t u b e ,  CRT, d i s p l a y .  For t h e  d a t a  o b t a i n e d  on t h i s  s t u d y  
t h e  averaging  t i m e  w a s  v a r i e d  from 2 t o  4 seconds and t h e  
r e s u l t s  w e r e  found t o  be  ve ry  t i m e  s t e a d y .  T o  i l l u s t r a t e ,  
i n  a run  of  40  seconds i n  d u r a t i o n  t h e r e  would be  1 0  f r e -  
quency s p e c t r a  produced ( f o r  a 4 second a v e r a g i n g  t i m e )  and 
t h e s e  s p e c t r a  would b e  n e a r l y  i d e n t i c a l .  

The primary advantage  of t h i s  t e c h n i q u e  i s  i n  r educ ing  t h e  
d a t a  sca t te r ,  p a r t i c u l a r l y  f o r  broadband n o i s e ,  s i n c e  a t  any 
frequency i t  p rov ides  t h e  t i m e  averaged  v a l u e  o f  t h e  s i g n a l  
ampli tude.  The CRT d i s p l a y  i s  t h e n  photographed u s i n g  a 
s p e c i a l  35 mm camera. F i g u r e  1 5  shows t h e  CRT d i s p l a y  
ampli tude v e r s u s  t h e  r e l a t i v e  db l e v e l  of  t h e  s i g n a l  on t h e  
t a p e .  There are  t h r e e  s e p a r a t e  r u n s  on t h i s  f i g u r e  and t o  
o b t a i n  q u a n t i t a t i v e  measurements from t h e  s p e c t r a l  d i s p l a y s  
t h e  db d i f f e r e n c e  from t h e  c a l i b r a t i o n  s i g n a l s  must b e  used.  
I f  a c a l i b r a t i o n  s i g n a l  produces an  ampl i tude  of 25/60 i n c h e s  



a t  a SPL = 1 6 0  and t h e  s i g n a l  of i n t e r e s t  has  a n  ampl i tude  of 
20/60  i n c h e s  then  t h e  s i g n a l  SPL l e v e l  i s  1 6 0  - (53.4 - 
4 6 . 6 )  o r  153.2 db ( f o r  d a t a  r educ t ion  run  (1) ) . 
4.4.3.3 Blade Pass ing  Frequency R e s u l t s  - Long I n l e t  Duct 

T h e r e  are f o u r  parameters  of i n t e r e s t  i n  t h i s  i n v e s t i g a t i o n ;  
(1) upstream d i s t a n c e  from r o t o r  i n l e t  p l a n e ,  x ,  which i s  
normalized by t h e  r o t o r  chord l eng th ,  C ,  ( 2 )  r e l a t i v e  i n l e t  
Mach number a t  t h e  r o t o r  t i p ,  M,, ( 3 )  i n c i d e n c e  ang le  of  t h e  
f low,  a ,  and ( 4 )  compressor speed ,  N = ( rpm) ,  o r  expressed  
a s  b l a d e  p a s s i n g  f requency ,  BPF. Mach number and t h e  i n c i d e n c e  
a n g l e  vary  s imul taneous ly  as t h e  flow through t h e  compressor 
i s  changed by t h e  d i s c h a r g e  valve.  F i g u r e s  1 6 ,  1 7  and 18  
show t h e  v a r i a t i o n  of t h e  SPL (conta ined  i n  a 1 0  Hz bandwidth 
around BPF) w i th  upstream a x i a l  d i s t a n c e  from t h e  r o t o r .  On 
each f i g u r e  t h r e e  d i f f e r e n t  d i scha rge  v a l v e  s e t t i n g s  are g iven  
f o r  each compressor speed.  I n  a l l  t h e  c a s e s  excep t  one,  t h e  
BPF n o i s e  e x h i b i t s  a r a p i d  drop-off  w i t h  i n c r e a s i n g  a x i a l  
d i s t a n c e .  Th i s  unexpected r ise,  (see  F ig .  1 6 )  of t h e  BPF 
c o n t e n t  w i t h  a x i a l  d i s t a n c e  appears  t o  be  due t o  t h e  i n c r e a s e d  
broadband n o i s e  a t  t h a t  p a r t i c u l a r  p o s i t i o n  and c o n d i t i o n s ,  
(x/c  = 3 .01 ,  BPF = 1 3  k c  and t h e  i n t e r m e d i a t e  flow s e t t i n g )  

when compared t o  t h e  o t h e r  a x i a l  p o s i t i o n s .  Close t o  t h e  
r o t o r  (x /c  = 0 .61)  t h e  BPF n o i s e  decay w i t h  d i s t a n c e  i s  very  
r a p i d  r ang ing  from 21 db/chord a t  high compressor speed t o  
about  33 db/chord a t  t h e  low compressor speed.  When t h e  
compressor flow i s  reduced t h e  BPF n o i s e  i n c r e a s e s  f o r  a l l  t h e  
compressor speeds ,  n e g l e c t i n g  t h e  s l i g h t  d i p  a t  t h e  x/c = 3.01 
s t a t i o n  when running  a t  t h e  h i g h e s t  speed.  

T h e  changes i n  BPF n o i s e  wi th  t h e  flow r e d u c t i o n s  are very 
l a r g e  r o r  t h e  low speed ( 1 3  - 13.25  kc) runs  and t h e  h igh  
speed (15 .1  kc)  runs  wh i l e  f o r  t h e  i n t e r m e d i a t e  speed ( 1 4  kc )  
runs  they  are much smaller. One would expec t  t h e  BPF c o n t e n t  
t o  b e  i n c r e a s e d  due t o  i n c r e a s e  i n  t h e  i n c i d e n c e  a n g l e  as 
t h i s  w i l l  increase t h e  s e p a r a t i o n  of t h e  una t t ached  shock ( a t  
these h igh  a n g l e s )  and de lay  t h e  MPT n o i s e  g e n e r a t i o n .  These 
changes,  however, are much t o o  l a r g e  t o  be t o t a l l y  accounted 
f o r  by t h e  upstream motion of t h e  bow shock wave due t o  t h i s  
i n c r e a s e  i n  i nc idence  ang le .  

S ince  both  t h e  r e l a t i v e  Mach number and t h e  i n c i d e n c e  a n g l e  
a r e  va ry ing  t o g e t h e r ,  t h e  two e f f e c t s  are somewhat confounded, 
t o  a l l e v i a t e  t h i s  s i t u a t i o n  t h e  same d a t a  i s  redrawn on 
F igures  1 9 ,  20  and 2 1  as a f u n c t i o n  of t h e  r e l a t i v e  Mach 
number, w i t h  t h e  inc idence  a n g l e  as a pa rame te r ,  f o r  t h e  
th ree  a x i a l  t r a n s d u c e r  l o c a t i o n s .  Close t o  t h e  r o t o r  (x /c  = 
0 . 6 1 )  t h e  BPF c o n t e n t  d e c r e a s e s  w i t h  i n c r e a s i n g  Mr and i n -  
creases w i t h  i n c r e a s i n g  a. The v a r i a t i o n  w i t h  Mach number i s  
expec ted  s i n c e  t h e  h i g h e r  Mach number would be expec ted  t o  
have a f a s t e r  decay of t h e  BPF conten t  due t o  f a s t e r  development 
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of  t h e  "skewed" wave p a t t e r n s .  The e f f e c t  of  i n c r e a s i n g  t h e  
inc idence  a n g l e  i s  a p p a r e n t l y  c a u s i n g  an i n c r e a s e  i n  o v e r a l l  
SPL c l o s e  t o  t h e  r o t o r ,  as w e l l  as a s h i f t  i n  shock p o s i t i o n  
as mentioned b e f o r e .  

A t  x/c = 1.76 r a i s i n g  t h e  i n c i d e n c e  a n g l e  a t  a f i x e d  Mach 
number causes  very  l i t t l e  change u n t i l  c l o s e  t o  s t a l l ,  when 
a r i s e  i n  t h e  BPF c o n t e n t  o c c u r s .  Th i s  i n c r e a s e  i n  BPF n o i s e  
does n o t  appear  t o  b e  due t o  an  i n c r e a s e  i n  t h e  broadband 
no i se  l e v e l .  

A t  X/C = 3.01, r a i s i n g  t h e  i n c i d e n c e  a n g l e  a t  h i g h  Mach num- 
b e r s  causes  t h e  BPF c o n t e n t  t o  d e c r e a s e  and t h e n  r ise .  For  
t h i s  p o s i t i o n  r a i s i n g  t h e  Mach number causes  t h e  BPF c o n t e n t  
t o  dec rease .  Th i s  dropping  phenomenon i s  a s s o c i a t e d  w i t h  t h e  
decay of t h e  BPF c o n t e n t  and t h e  s t r e n g t h  a t  t h e  r o t o r  i n l e t  
p lane  s i n c e  it d i d  show up a t  x/c  = 0 . 6 1 .  The o v e r a l l  t r e n d s  
observed are t h a t  BPF n o i s e  d e c r e a s e s  w i t h  i n c r e a s i n g  Mr and 
i n c r e a s e s  w i t h  i n c r e a s i n g  a. 

Osc i l lo scope  photos  of  t h e  w a l l  s t a t i c  p r e s s u r e  wave forms 
are  shown on F i g u r e s  2 2  and 23. The e f f e c t  of  compressor 
speed,  p r i n c i p a l l y  Mach number i s  shown on F i g u r e  22, t h e  
flow c o n d i t i o n s  are  s i m i l a r  t o  t h e  h i g h  f low c o n d i t i o n s  (wide 
open d i s c h a r g e  v a l v e )  as shown on  F i g u r e  13.  The t o p  t race 
is  f r o m  a 4 0  t o o t h  g e a r  mounted on t h e  compressor  d r i v e  s h a f t  
w i t h  a notched t o o t h  p o s i t i o n e d  such  t h a t  it p a s s e s  t h e  
magnet ic  p ickup when t h e  b l a d e  number 1 i s  p a s s i n g  t h e  
t a n g e n t i a l  p o s i t i o n  of  t h e  p r e s s u r e  t r a n s d u c e r s .  The p o s i -  
t i o n  o f  t h e  m a j o r  p e r t u r b a t i o n s  o f  t h e  wave form (from a 
uniform wave a t  BPF) are c l o s e l y  c o r r e l a t e d  t o  t h e  p o s i t i o n  
o f  t h e  major i m p e r f e c t i o n s  of t h e  ro tor  as d e s c r i b e d  i n  
s e c t i o n  4 . 4 . 1 .  These wave forms would b e  r e p r e s e n t a t i v e  o f  
t h e  (wide open d i s c h a r g e  v a l v e )  d a t a  as shown on F i g u r e s  1 9 ,  
20 and 2 1 .  The d e c r e a s e  of  t h e  BPF c o n t e n t  w i t h  d i s t a n c e  and 
Mach number i s  c l e a r l y  e v i d e n t  from t h i s  f i g u r e .  Also  t h e  
s i g n a l s  are  s e e n  t o  b e  " locked  t o  t h e  r o t o r "  and s p i r a l l i n g  
up t h e  i n l e t  d u c t .  The e f f e c t  of  t h r o t t l i n g  t h e  compressor  
a t  a f i x e d  speed is  shown on F i g u r e  2 3 .  Again t h e  c o n d i t i o n s  
are s i m i l a r  t o  t h o s e  on F i g u r e  18. 

4.4.3.4 M u l t i p l e  Pure Tone D i s t r i b u t i o n  - Long I n l e t  Duct 

F igu res  2 4  th rough 3 2  show t h e  SPL spec t rum fo r  t h e  t h r e e  
t r a n s d u c e r s  l o c a t e d  i n  t h e  i n l e t  d u c t  as w e l l  as f o r  t h e  
plenum microphone. From t h e s e  f i g u r e s  i t  can  b e  s e e n  t h a t  
t h e  s p e c t r a  are  very  r i c h  i n  MPT c o n t e n t .  I n  p a r t i c u l a r ,  
even c l o s e  t o  t h e  r o t o r  ( a t  x/c = 0 . 6 1 )  t h e  MPT c o n t e n t  i s  
q u i t e  l a r g e ,  and i n  some cases t h e  predominant  MPT's are 
g r e a t e r  t h a n  t h e  BPF n o i s e .  On t h e  l e f t  s i d e  of each s p e c t r a  
are t h e  c a l i b r a t i o n  s i g n a l  l eve l ,  t h e  d e f l e c t i o n  t h a t  s i g n a l  
would have and t h e  c a l i b r a t i o n  c u r v e  t o  use  on F i g u r e  1 5  (as 
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e x p l a i n e d  i n  s e c t i o n  4.4.3.21, t h e s e  v a l u e s  a re  used t o  o b t a i n  
q u a n t i t a t i v e  measurements of t h e  s p e c t r a .  

The d i s t r i b u t i o n  of  t h e s e  t o n e s  is  f a i r l y  uni form,  so t h a t  by 
measuring t h e  maximum peak i n  t h e  frequency r ange  from 3 t o  
1 0  KHz a f a i r l y  good i d e a  of t h e  MPT c o n t e n t  i s  o b t a i n e d .  
Table  4 shows t h e  SPL a t  t h e  BPF, a t  t h e  mid-range and a t  t h e  
l o w  f requency  end of t h e  spec t rum f o r  a l l  t h e  n i n e  r u n s .  On 
F i g u r e s  33 through 35 t h e  SPL o f  t h e  peak MPT i n  t h e  mid-band 
of  t h e  spec t rum ( 3  t o  1 0  K H z )  i s  shown. I n  g e n e r a l  t h e  MPT 

as t h e  BPF n o i s e ,  and t h e  r a t e  of d e c r e a s e  s l o w s  w i t h  i n -  
c r e a s i n g  Mach number. Apparent ly  due t o  t h e  l a r g e  n o n u n i f o r m i t i e s  
of t h e  rotor  t h e  prominent  MPT's a r e  e s t a b l i s h e d  v e r y  q u i c k l y  
and decay s lowly  i n  t h e  upstream d i r e c t i o n .  Th i s  decay of t h e  
prominent MPT's i s  p r e d i c t e d  by t h e  r e s u l t s  o f  t h e  a n a l y s i s .  
The a x i a l  decay o f  t h e  MPT's are i n  a p p a r e n t  c o n t r a d i c t i o n  
w i t h  p r e v i o u s  r e p o r t e d  r e s u l t s .  The reasons f o r  t h i s  d i f -  
f e r e n c e  appear  t o  b e  due t o  t w o  e f f e c t s :  (1) t h e  l eve l  of  
t h e  MPT's a t  t h e  f i r s t  measuring p o i n t  (x/c  = 0.61) are l a r g e  
i n  t h i s  s t u d y  i n d i c a t i n g  t h a t  t h e  nonun i fo rmi t i e s  are l a r g e r  
t h a n  used p r e v i o u s l y .  Th i s  w i l l  cause an  e a r l y  e s t a b l i s h m e n t  
of t h e  predominant MPT's. With s m a l l e r  n o n u n i f o r m i t i e s  a 
l a r g e r  a x i a l  d i s t a n c e  i s  r e q u i r e d  be fo re  t h e  MPT's deve lop  
s i g n i f i c a n t l y .  ( 2 )  The p r e v i o u s  r e s u l t s  i n d i c a t e  t h a t  t h e  
leve l  of t h e  MPT's r e a c h  a p l a t e a u  and t h e n  t r a v e l  ups t ream 
unchanged. These r e s u l t s ,  however, a r e  based  on measurements 
t aken  i n  a n  i n l e t  be l lmouth ,  which may a l ter  t h e  MPT e v o l u t i o n  
p r o c e s s  w i t h  r e s p e c t  t o  what occurs  i n  a c o n s t a n t  area annu lus .  

I s t r e n g t h  d e c r e a s e s  i n  t h e  ups t ream d i r e c t i o n  b u t  n o t  as f a s t  

I 

A t  t h e  l o w e s t  speeds ,  r educ ing  t h e  fan  we igh t  f low w i t h  t h e  
d i s c h a r g e  v a l v e  reduced t h e  MPT l e v e l .  T h i s  t r e n d  changes - -  ------- - - - -  - - - -  2 : .-------- - - A  -+ t h h  >*=jnhnrt  rrrnna 
ducing  t h e  through flow c a u s e s  an increase i n  t h e  MPT l eve l .  
Varying t h e  compressor speed  a t  a f i x e d  d i s c h a r g e  s e t t i n g  
causes t h e  MPT n o i s e  t o  have a maximum n e a r  a r e l a t ive  Mach 
number of 1.15. When compared to  t h e  BPF n o i s e ,  T a b l e  4 ,  t h e  
dominance o f  t h e  mid-range MPT's over t h e  BPF n o i s e  i s  a 
monotonica l ly  i n c r e a s i n g  f u n c t i o n  with a x i a l  d i s t a n c e  f o r  t h e  
h i g h e r  speed  runs  (BPF > 1 4  K H z ) ,  and shows a r i s i n g  and t h e n  
a f a l l i n g  dominance for - the  l o w e s t  speed run .  T h i s  i s  due 
t o  \ t h e  more r a p i d  decrease of t h e  MPT's  w i t h  d i s t a n c e  f o r  
t h i s  compressor speed  (BPF = 13 KHz). 

a2 L W L I I ~ ~ ~ = ~ ~ U I  J ~ G G U  .LIIGLGU~LD U I A U  u c  r A A - y c  yr--- 

4.4.3.5 Plenum Measurements 

The SPL f requency s p e c t r a  as measured i n  t h e  i n l e t  r e v e r b e r a n t  
chamber (plenum) are shown on Figures  2 4  t h rough  32 f o r  t h e  
long  i n l e t  d u c t  case. The BPF drops r a p i d l y  w i t h  r e l a t i v e  
Mach number as can  b e  s e e n  on Figure  36 .  The l o n g  i n l e t  d a t a  
h a s  n o t  been c o r r e c t e d  f o r  t h e  frequency r e s p o n s e  of  t h e  
microphone, t h i s  w i l l  r educe  t h e  SPL a t  BPF by 6 . 5  db.  The 
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plenum BPF n o i s e  is much less s e n s i t i v e  t o  t h e  i n c i d e n c e  
a n g l e  when compared t o  t h e  w a l l  s t a t i c  measurements i n  t h e  
i n l e t  d u c t .  T h i s  can be s e e n  by comparing F i g u r e  3 6  t o  
Figure  2 1  ( f o r  t h e  long  i n l e t  case) ,  t h e  plenum measurements 
can be p l o t t e d  on a s i n g l e  l i n e .  Overal l  t r e n d s  are q u i t e  
comparable, though, having  an i n i t i a l  r a p i d  d e c r e a s e  w i t h  M r  
and then a l e v e l i n g  o f f .  

BY removing i n l e t  annulus  and keeping  e v e r y t h i n g  e l se  t h e  
s a m e ,  t h e  e f f e c t  of i n l e t  d u c t  l e n g t h  on t h e  sound emiss ion  
i s  i n v e s t i g a t e d .  On F i g u r e  36 t h e  SPL a t  BPF w i t h  t h e  s h o r t  
i n l e t  is shown, a long  w i t h  t h e  case f o r  t h e  long  i n l e t .  The 
l e v e l  of  t h e  BPF n o i s e  f o r  b o t h  of t h e  plenum measurements 
a r e  much lower t h a n  t h e  w a l l  s t a t i c s ,  as i s  expec ted .  The 
s h o r t  i n l e t  c a s e  i s  abou t  16 db h i g h e r  i n  SPL (remembering 
t o  c o r r e c t  t h e  long  i n l e t  d a t a )  w i t h  n e a r l y  t h e  s a m e  decay 
w i t h  r e l a t ive  Mach number. For  t h i s  s h o r t  i n l e t  case, t o  
c o r r e l a t e  t h e  n e a r  f i e l d  t o  t h e  sound emiss ion ,  a rough 
comparison can  b e  made between F i g u r e  1 9  (x/c  = 0.61)  and 
Figure  3 6 .  Again t h e  e f f e c t  o f  i n c i d e n c e  a n g l e  i s  much less 
i n  the  plenum measurements and t h e  t r e n d  o f  t h e  decay o f  t h e  
SPL a t  BPF i s  comparable f o r  b o t h  cases. 

F igures  3 7 ,  38 and 39  show t h e  plenum SPL f requency  s p e c t r a  
f o r  t h e  s h o r t  i n l e t  r u n s .  Tab le  5 shows t h e  plenum SPL of  
t h e  r o t o r  f requency  ( R F )  n o i s e ,  t h e  l eve l  o f  t h e  prominent  
MPT i n  t h e  mid-range o f  f requency  ( 3  t o  1 0  K H z )  and t h e  b l a d e  
pass ing  frequency n o i s e .  These data  are a l l  t a k e n  a t  a f i x e d  
microphone p o s i t i o n  and may n o t  b e  r e p r e s e n t a t i v e  of  t h e  
o v e r a l l  e m i t t e d  sound due t o  t h e  v a r i a t i o n  of  t h e  s i g n a l  w i t h  
p o s i t i o n ,  as can  b e  s e e n  by r e f e r r i n g  t o  F i g u r e  3 6 .  T h e r e f o r e  
an e r r o r  of approximate ly  4 db i s  p o s s i b l e  i n  t h e s e  measure- 
ments. Overa l l  t h e  MPT's o f  t h e  s h o r t  i n l e t  are  m o r e  un i formly  
d i s t r i b u t e d  t h a n  f o r  t h e  long  i n l e t  case. The l a r g e s t  d i f -  
f e r ence  i n  t h e  comparable s p e c t r a  of  t h e  l o n g  and t h e  s h o r t  
i n l e t  o c c u r s  a t  f -equencies  above t h e  r o t o r  f requency .  The 
long  i n l e t  r e s u l t s  have much l o w e r  l eve l  mid-range MPT's 
( p a r t i c u l a r l y  a t  t h e  lowes t  compressor  s p e e d s )  t h a n  t h e  s h o r t  
i n l e t  case. The MPT's o f  t h e  l o n g  i n l e t  d u c t ,  become con- 
c e n t r a t e d  a t  t h e  l o w  f requency  and t h e  h i g h  f requency  end o f  
t h e  spectrum when t h e  compressor  we igh t  f low i s  reduced  a t  
c o n s t a n t  speed .  Th i s  c o n c e n t r a t i o n  of MPT's a t  t h e  l o w  f r e -  
quency end ( i n  t h e  long  i n l e t  case) ,  i s  p a r t i c u l a r l y  e v i d e n t  
f o r  t h e  h i g h e s t  speed  r u n s  (BPF = 1 5  K H z ) .  

The v a r i a t i o n  of t h e  plenum R F  n o i s e  w i t h  compressor  SDeed, 
a long  a f i x e d  l o a d  l i n e ,  is q u i t e  d i f f e r e n t  f o r  t h e  two i n -  
l e t  cases .  I n  t h e  case o f  t h e  long  i n l e t ,  a t  t h e  maximum 
flow s e t t i n g ,  t h e  R F  n o i s e  i n c r e a s e s  s t e a d i l y ,  b u t  a t  t h e  
i n t e r m e d i a t e  and t h e  n e a r - s t a l l  s e t t i n g  it rises,  t h e n  d r o p s  
w i t h  i n c r e a s e s  of compressor speed .  Th i s  r i s i n g  and d ropp ing  
a l so  occurred  i n  t h e  predominant  MPT's of t h e  w a l l  s t a t i c  
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measurements, a t  x/c = 3.01. Wi th  t h e  s h o r t  i n l e t ,  t h e  
maximum flow s e t t i n g  produces a r i s i n g  and f a l l i n g  RF n o i s e  
v a r i a t i o n  w i t h  i n c r e a s i n g  compressor speed ,  wh i l e  more 
r e s t r i c t i v e  s e t t i n g s  c o n t i n u a l l y  increase, j u s t  t h e  reverse 
of  t h e  long  i n l e t  c a s e .  

The p o s i t i o n  of t h e  plenum microphone i s  t h e  s a m e  f o r  t h e  
s p ~  s p e c t r a  appea r ing  on F i g u r e s  24 th rough 3 2 ,  3 7 ,  38  and 
3 9  and on Table  5. The va r i a t ion  i n  SPL as t h e  microphone 
sweeps a c r o s s  t h e  plenum chamber can be s e e n  by r e f e r r i n g  
t o  F i g u r e  3 6 .  

4 . 4 . 4  Experimental  Summary 

4 . 4 . 4 . 1  Long I n l e t  Duct 

The BPF n o i s e ,  i n  g e n e r a l ,  decreases  r a p i d l y  w i t h  upstream 
a x i a l  d i s t a n c e  from t h e  r o t o r ,  decreases wit.h r e l a t i v e  Mach 
number of t h e  r o t o r  and increases wi th  t h e  f low i n c i d e n c e  
ang le .  

The l e v e l  of t h e  dominant MPT, a l s o  dec reased  i n  t h e  upstream 
d i r e c t i o n  b u t  n o t  as r a p i d l y  as the  BPF n o i s e  and less r a p i d l y  
as compressor speed i s  r a i s e d .  Comparing t h e  MPT n o i s e  t o  
t h e  BPF n o i s e  y i e l d s  a monotonically i n c r e a s i n g  dominance 
w i t h  d i s t a n c e  of t h e  MPT n o i s e  over t h e  BPF n o i s e  f o r  t h e  
cases of t h e  h i g h e r  speed runs  (BPF > 1 4 . 0  KHz). A t  a f i x e d  
d i s c h a r g e  s e t t i n g  t h e  MPT n o i s e  i n c r e a s e s  w i t h  compressor 
speed u n t i l  t h e  r e l a t i v e  Mach number i s  abou t  1 .15 and t h e n  
it d e c r e a s e s .  A t  a f i x e d  compressor speed t h e  v a r i a t i o n  of  
t h e  MPT w i t h  flow r e d u c t i o n s  ranged from d e c r e a s i n g  t h e  MPT 

t h e  i n t e r m e d i a t e  and h i g h e s t  speeds.  
-- 1 e T P l  (?.t +he l"T..??Et SpeEd) tc iEcrc;z:xg tk,;z :.:py level a i  

The a n g u l a r  p o s i t i o n  of  t h e  major d i s t u r b a n c e s  t o  t h e  p re s -  
s u r e  wave forms s p i r a l l i n g  up t h e  i n l e t  d u c t  are w e l i  cor- 
r e l a t e d  t o  t h e  major nonuni formi t ies  of t h e  r o t o r  geometry. 

4 . 4 . 4 . 2  Shor t  Ver sus  Long I n l e t  Duct 

BY changing t h e  long i n l e t  annulus  (4.125" i n  l e n g t h )  and 
s t a r t i n g  t h e  i n l e t  bellmouth nea r ly  a t  t h e  r o t o r  i n l e t  p l a n e  
a 16  db i n c r e a s e  i n  BPF n o i s e  level i s  ob ta ined .  With e i t h e r  
i n l e t  t h e  plenum BPF n o i s e  f a l l s  o f f  r a p i d l y  w i t h  re la t ive  
Mach number, u n t i l  about  Mr = 1 . 2 .  The i n c i d e n c e  a n g l e  
v a r i a t i o n s  are  seen  t o  have a much smaller e f f e c t  on t h e  
plenum BPF n o i s e  than  on t h e  i n l e t  d u c t  w a l l  s t a t i c  BPF n o i s e .  

The c o r r e l a t i o n  of t h e  measurements made i n  t h e  i n l e t  d u c t  
t o  t h e  emi t t ed  sound are also of i n t e r e s t  i n  t h i s  s t u d y .  By 
comparing x/c = 3.01 w a l l  s t a t i c  measurements t o  t h e  plenum 
( long  i n l e t )  r e s u l t s  a q u a l i t a t i v e  measure o f  t h i s  can be  
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ob ta ined .  I n  a l l  cases t h e  n o i s e  a t  t h e  r o t o r  f requency  
dominates t h e  plenum measurements,  w i t h  t h e  BPF n o i s e  showing 
up only a t  t h e  l owes t  speed r u n s .  The BPF n o i s e  i s  much 
lower w i t h i n  t h e  plenum b u t  h a s  abou t  t h e  same r a t e  of  decay 
w i t h  Mr a s  a t  x/c  = 3 . 0 1 .  A r e d u c t i o n  of  t h e  MPT's above t h e  
20th  m u l t i p l e  of  t h e  r o t o r  f requency  i s  a n o t h e r  major  d i f -  
f e r ence  i n  t h e  spec t rum between t h e  x/c = 3.01 l o c a t i o n  and 
t h e  cor responding  plenum measurements.  

To compare t h e  s h o r t  i n l e t  measurements i n  t h e  plenum t o  t h e  
w a l l  s t a t i c s ,  t h e  p o s i t i o n ,  x/c = 0 . 6 1 ,  can  b e  used as re- 
p r e s e n t i n g  t h e  e v e n t s  c l o s e  t o  t h e  r o t o r .  
i s  lower i n  t h e  plenum, b u t  h a s  a comparable r a t e  of decay 
w i t h  Mach number. The r o t o r  f r equency  n o i s e  a g a i n  dominates  
t h e  plenum measurements, i n  c o n t r a s t  t o  t h e  w a l l  s t a t i c  re- 
s u l t s  a t  x/c = 0 . 6 1 .  The mid-range MPT's are  suppres sed  b u t  
n o t  as much as t h e  case w i t h  t h e  long  i n l e t .  

Again t h e  BPF n o i s e  

The o v e r a l l  e f f e c t  of having  a s h o r t  i n l e t  appea r s  t o  be: 

(1) a l a r g e  i n c r e a s e  i n  BPF n o i s e ,  

( 2 )  an i n c r e a s e  i n  t h e  mid-range MPT's, r e s u l t i n g  i n  
a more uniform s p e c t r a l  d i s t r i b u t i o n  of  t h e  MPT's, 

( 3 )  an i n c r e a s e  i n  R F  n o i s e ,  t h a t  i s  a lmos t  n e g l i g i b l e  
a t  t h e  lowes t  speeds  and i n c r e a s e s  w i t h  compressor  
speed.  

4 . 4 . 5  Comparison Between Theory and Experiments  

Only t h e  e f f e c t s  of  s t a g g e r  a n g l e  errors and b l a d e  s p a c i n g  
e r r o r s  are inc luded  i n  t h e  c a l c u l a t i o n s .  The l i m i t e d  s i z e  
of  t h e  model f a n  impeded any p r e c i s e  measurements of t h e  
b lade  con tour  e r r o r s .  Thus t h i s  e f f e c t ,  which cou ld  have 
p o t e n t i a l l y  s i g n i f i c a n t  b e a r i n g  on MPT, i s  n o t  i n c l u d e d  i n  
t h e  computed r e s u l t s .  

I n  t h e  a n a l y s i s ,  it w a s  assumed t h a t  shocks  are a t t a c h e d  a t  
t h e  l e a d i n g  edge. H o w e v e r  i n  t h e  model f a n ,  t h e  l e a d i n g  
edges o f  t h e  b l a d e s  are q u i t e  b l u n t  and t h e  shock is  probably  
detached.  The de tached  shocks i n t r o d u c e  two m o d i f i c a t i o n s .  
F i r s t ,  t h e  s t a n d o f f  d i s t a n c e  d i s p l a c e s  t h e  o r i g i n  of  t h e  
shock s l i g h t l y  ahead of t h e  l e a d i n g  edges .  The d i sp lacemen t  
e f f e c t s  themselves  have no b e a r i n g  on t h e  MPT b u t  t h e  b l ade -  
to-blade v a r i a t i o n s  of s t a n d o f f  d i s t a n c e  cou ld  modify t h e  
MPT e v o l u t i o n .  Such s t a n d o f f  d i s t a n c e  v a r i a t i o n s  would, 
however, b e  e f f e c t i v e l y  t h e  s a m e  as t h e  b l a d e  s p a c i n g  varia- 
t i o n s  and t h i s  might  n o t  have a p p r e c i a b l e  e f f e c t s  on t h e  MPT 
gene ra t ion .  Second t h e  appearance  of  a subson ic  r e g i o n  down- 
s t ream of t h e  de tached  shock d e l a y s  t h e  i n c i p i e n c e  of  shock 
expansion f a n  i n t e r f e r e n c e .  T h e r e f o r e  a t  a g iven  a x i a l  
d i s t a n c e  upstream of r o t o r ,  t h e  amount o f  shock expans ion  
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f a n  i n t e r a c t i o n  would become less and MPT e v o l u t i o n  might  be  
reduced .  I n  any e v e n t ,  s i n c e  t h e  computer programming w a s  
w r i t t e n  f o r  t h e  a t t a c h e d  shock,  the e f f e c t s  o f  de t ached  
shock cou ld  n o t  b e  t a k e n  i n t o  account .  I n s t e a d  a n  ad hoc 
improv i s ion  w a s  made i n  t h e  fo l lowing  way t o  h a n d l e  b l u n t  
l e a d i n g  edges.  The model b l a d e  contour  on t h e  s u c t i o n  s u r -  
face is n o t  u n l i k e  a wedge, b u t  near t h e  l e a d i n g  edge it i s  
j o i n e d  i n t o  a s m a l l  c i rc le .  I n  the  computa t ion ,  it i s  
assumed t h a t  t h e  a t t a c h e d  shocks  s t a r t  a t  t h e  t r a n s i t i o n  
p o i n t  between t h e  wedge and t h e  circle.  

S i n c e  t h i s  ad  hoc assumption breaks down f o r  low Mach number, 
t h e  computat ion w i l l  b e  l i m i t e d  t o  t h e  case of  h i g h e r  Mach 
number. A r e l a t i v e  Mach number of 1 .25 i s  used .  A s  f o r  t h e  
a n g l e  of a t t a c k ,  t h e  r e s t r i c t i o n  t h a t  t h e  shocks  shou ld  b e  
a t t a c h e d  a t  t h e  t r a n s i t i o n  p o i n t  p u t  some l i g h t  on t h e  
c h o i c e  o f  a n g l e  of  a t t a c k .  H e r e  t h e  a n g l e  of a t t a c k  i s  
chosen t o  be  1 . 8  d e g r e e s ,  somewhat less t h a n  t h e  v a l u e s  a t  
which t h e  exper iments  were conducted. These i n p u t  d a t a  were 
t a b u l a t e d  i n  Table  6 .  I n  F i g .  1 8 ,  where t h e  decay of t h e  
sound p r e s s u r e  l e v e l  c e n t e r e d  a t  t h e  blade p a s s i n g  f requency  
i s  shown, t h e  computed v a l u e  i s  compared w i t h  t h e  e x p e r i -  
menta l  r e s u l t s .  The agreement i s  f a i r l y  good c o n s i d e r i n g  t h e  
v a r i o u s  assumptions made i n  t h e  a n a l y s i s  and p a r t i c u l a r l y  
t h e  f ac t  t h a t  b l a d e  con tour  nonuni formi ty ,  a p o s s i b l y  i m -  
p o r t a n t  factor ,  i s  n o t  used i n  t h e  computat ion.  The computed 
e v o l u t i o n  of t h e  MPT i s  p l o t t e d  i n  F i g .  40.  I n  t h i s  f i g u r e ,  
p o s i t i o n s  K-1 ,  K - 2  and K - 3  correspond t o  t h e  p o s i t i o n s  of 
t h e  p robes  l o c a t e d  a t  x/c = 0 .61 ,  x/c = 1.76 and x/c = 3.01,  
r e s p e c t i v e l y .  When one compares t h i s  w i t h  t h e  measured 
r e s u l t s ,  F igs .  30, 31 and 32, it is n o t i c e d  t h a t  i n  t h e  
computed r e s u l t s  t h e r e  are v i r t u a l l y  no MPT's between t e n t h  
harmonic and t h i r t i e t h  harmonic,  whereas  i n  t h e  e x p e r i m e n t a l  
r e s u l t s  t h e r e  are many MPT's i n  between. The main r e a s o n  
for  t h i s  d i f f e r e n c e  is cons ide red  t o  b e  due  t o  t h e  b l a d e  
c o n t o u r  nonuni formi ty ,  t h e  e f f e c t  of which,  as r e p e a t e d l y  
mentioned,  i s  n o t  i n c l u d e d  i n  t h e  computed r e s u l t s .  H o w e v e r  
t h e  computed r e s u l t s  d o  p r e d i c t  t h a t  t h e  l a r g e s t  MPT i s  t h e  
f i r s t  harmonic o f  t h e  s h a f t  f requency,  which a g r e e s  w i t h  t h e  
expe r imen ta l  r e s u l t s .  

2 1  



5.0 CONCLUSIONS AND RECOMMENDATIONS 

A theoretical and experimental investigation was conducted on 
multiple pure tone noise. Multiple pure tone sound from air- 
craft engines is characterized by a noise spectrum containing 
numerous spikes at integer multiples of the shaft rotational 
frequency. 

In the analysis, it is assumed that the flow is two-dimensional 
and inviscid and the bow shocks emanating froin the blades are 
attached to the leading edges. The analysis, consisting of 
the construction of shock expansion wave diagram, predicts 
the generation and evolution of MPT from the prescribed blade- 
to-blade nonuniformities in rotor geometry. The results show 
that even small nonuniformities, within the manufacturing 
tolerances, can cause a significant amount of multiple pure 
tone noise. The trend of the computed MPT evolution agrees 
with a previously observed one. Among different kinds of 
nonuniformities investigated, errors in blade stagger or 
blade contours are much stronger generators of MPT noise 
than errors in blade spacings. 

The experimental results concur with the axial decay of BPF 
noise measured by previous investigators. Other aspects of 
these experiments have explored the effects of relative Mach 
number, incidence angle and inlet duct length on the BPF and 
MPT noise evolution. The results are discussed in section 
4.4.4, Experimental Summary. 

In order to compare the experimental results with the analysis, 
the MPT distributions were computed from the measured blade 
nonuniformities of the model fan. Due to the lack of mea- 
surements of the blade contour nonuniformity, an important 
MPT generator, the comparison between theoretical and experi- 
mental results is not exact. However, the computed result 
correctly predicts the position of the maximum peak of 
multiple pure tones in the frequency spectrum. The computed 
decay rate with axial distance of sound at blade passing 
frequency compares favorably with the measured results, as 
well as the level of the BPF noise. The angular position 
of the major disturbances to the pressure waveforms spiralling 
up the inlet duct are well correlated to the major non- 
uniformities of the rotor geometry as is predicted by the 
analysis. 

In summary this study has conducted a combined analytical and 
experimental program that has demonstrated (1) the MPT sound 
is due to rotor geometry imperfections, and the angular 
position of the pressure waveform distortions are correlated 
to the location of these imperfections, ( 2 )  the evolution of 
the MPT sound can be predicted by a two-dimensional, inviscid 
analysis using the known rotor nonuniformities, ( 3 )  rotor 
relative Mach number and incidence angle are important 
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parameters to the evolution of the MPT sound in the Mach 
number range tested, ( 4 )  the inlet duct length has an im- 
portant influence on the MPT sound emission. 

As a logical next step for possible future effort in the 
prediction of MPT sound, the following extensions are 
recommended; 

(1) In the analysis, to include the effects of detached 
bow shocks. 

( 2 )  In the experiments, to measure the blade contour 
nonuniformities. 

( 3 )  Extend the Mach number range. 

2 3  
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Figure 3 3 .  Plenum BPF Noise Versu6 Mach Number. 
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Figure 3 4 .  MPT N o i s e  Versus Axial Dis tance ,  Low Speed. 
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I 2 3 
X / C  

Figure  35. MPT Noise Versus  Axial Dis tance ,  I n t e r m e d i a t e  
Speed. 
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Figure 36. MPT Noise Versus Axial Distance, High Speed. 
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(M, = 1 . 2 5 ,  a n g l e  of a t t a c k  = 1.8 d e g r e e s )  



Spacing = 2. 

Figure 41. Coordinate System. 
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Tab le  1 

Cascade Geometry and To le rances  

Mach number f a r  upstream 1 . 4  

i n c i d e n c e  a n g l e  f a r  upstream 7 2  d e g r e e s  (measured from 
a x i a l  d i r e c t i o n )  

number o f  b l a d e s  38 

nominal s t a g g e r  a n g l e  65 d e g r e e s  (measured from 
a x i a l  d i r e c t i o n )  

t o l e r a n c e  i n  s t a g g e r  t 3/4 d e g r e e s  

t o l e r a n c e  i n  b l a d e  spac ing  t 0 . 1 %  o f  nominal s p a c i n g  

nominal s u r f a c e  con tour  * p a r a b o l i c  shape 

2 * 
+ 0.17633 2y* = -0 .555 (2x*) - 

S S 

where x*: t aken  a long  t h e  l i n e  the  a n g l e  of which measured 
from t h e  a x i a l  d i r e c t i o n  i s  e q u a l  t o  s t a g g e r  a n g l e  

(see F ig .  40 )  

s: nominal spac ing  



Step 1 

Step 2 

Step 3 

Step 4 

Step 5 

Step 6 

Step 7 

v w  

Option; nonuniformity i n  (1) s t a g g e r  
( 2 )  Blade Shape 
( 3 )  s p a c i n g  

- -  1 
P o s i t i o n s  of  u n i n t e r r u p t e d  Mach waves impinging 
on I and I + 1 t h  b l a d e  

+ 
. 

Expansion f a n  system (1) downstream of 
u n i n t e r c e p t e d  Mach wave on I t h  b l a d e  and 
upstream of  bow-shock emanating from ( I + l ) t h  
b l a d e  

+ 
Expansion f a n  system (2) downstream of t he  
bow-shock and upstream of  i n t e r c e p t e d  Mach 
wave on ( I + l ) t h  b l a d e  

J. 

I T r a j e c t o r y  of bow-shock i n t e r a c t e d  by t w o  I systems of  expansion f a n  

+ 
r 
P r e s s u r e  d i s t r i b u t i o n  a t  a g iven  l o c a t i o n  
upstream of  r o t o r  .. 

J. 

IHarmonic a n a l y s i s  of t h e  p r e s s u r e  d i s t r i b u t i o n  1 
FLOW CHART 

Figure 42. S t r u c t u r e  of  program "MPT". 
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Blade No. 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 

BLADE SPACING ERRORS DISTRIBUTION 

Table  2 

A- 1 

+* 
+ 
+ 
+ 
- 

- 
- 
+ 

+ 

- 
+ '  
+ 

A-2  

+ 

+ 
+ 

* + means + 0.1% error - means - 0.1% error 



STAGGER ERRORS DISTRIBUTION 

Table 3 

Blade N o .  B- 1 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
1 7  
18 
1 9  
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 

+* 
+ 
+ 
+ 

+ 

+ 

* + means + 0.75 degrees  e r r o r  
-- means - 0 . 7 5  degrees  e r r o r  

€3-2 

- 
+ 
+ 
+ 



TABLE 4 

ACOUSTIC SUMMARY - LONG INLET 

BPF (KHz) 

13.25 

13 

13 

14 

14 

14 

15.1 

15.1 

15.1 

Mr 

1.094 

1.057 

1.0375 

1.157 

1.144 

1.128 

1.26 

1 . 3 4 5  

1.226 

a (deg) 

5.9 

7.6 

9.6 

5.4 

6.7 

8.65 

5.1 

5 9 3  

7.6 

- x/c 

0.61 
1.76 
3.01 

0.61 
1.76 
3.01 

0.61 
1.76 
3.01 

0.61 
1.76 
3.01 

0.61 
1.76 
3.01 

0.61 
1.76 
3.01 

0.61 
1.76 
3.01 

3 .  E 1  
1.16 
3.01 

0.61 
1.76 
3.01 

SPL/BPF 
db 

155.9 
137.5 
135.0 

165.9 
140.3 
148.4* 

167.2 
152.4 
146.9 

152.5 
136.4 
123.1 

159.5 
136.4 
136.0 

163.1 
138.2 
136.0 

144.7 
131.0 
129.9 

1 E C )  c, 
134.0 
128.8 

159.2 
141.8 
135.5 

-<-. 

* Broadband noise high 

# MRF - Multiples of rotor frequency 
+ ASPL - Deviation from SPL at BPF 

AS PL * /MF.F+ A SPLIMRF 
db db 

-9.8/3 -1.2/20 
12.3/1 +13.1/19 
5.5/3 9.2/19 

-16/1 -11.3/20 
17.1/1 4.9/19 
-1.7/3 -7/19 

-18.7/3 -19.4/25 
5.4/1 -9.7/25 
-3.6/1 -9.7/19 

-2.7/1 2.7/20 
22.3/1 13.6/20 
18.2/1 15.2/10 

-8/3 -1.8/20 
29.8/1 18.8/12 
16.7/1 17.9/12 

-11.6/3 -4.4/15 
26.9/1 13.9/19 
16.5/1 16.9/15 

4. i/l 0.4/12 
14.6/11 27.5/1 

22.9/1 13.2/12 

.I. o/ L U  

33.1/1 18/20 
26.4/1 21.7/10 

-6.6/1 -4.6/12 
24/1 9.9/12 
14.4/2 15.2/20 

.. ,..- 7 -. I 7  
A. a, L 

SPL/MRF 
db 

154.7/20 
150.6/19 
144.2/19 

154.6/2O 
145.2/19 
144.4/1Y 

147.8/25 
142.7/25 
137.2/19 

155.2/20 
150/20 
148.3/10 

157.7/20 
155.2/19 
153.9/19 

158.7/15 
152.1/19 
152.9/15 

145/12 
145.6/11 
143.1/12 

i > o .  2;iu 
152/20 
150.5/20 

154.6/12 
151.7/12 
150.7/20 
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Table  6 

I n p u t  Data f o r  MPT Computation of Exper imenta l  Rotor  

Mach Number f a r  ups t ream 1 . 2 5  

i n c i d e n c e  a n g l e  f a r  ups t ream 6 3 . 8  deg rees  (measured 
from a x i a l  d i r e c t i o n )  

number of b l a d e s  

nominal s t a g g e r  a n g l e  

40 

62 d e g r e e s  (measured from 
a x i a l  d i r e c t i o n )  

errors i n  s t a g g e r  see F i g .  11 

errors i n  b l a d e  s p a c i n g  

nominal s u r f a c e  con tour  n e a r  
t h e  l e a d i n g  edge 

see F i g .  11 

* p a r a b o l i c  shape  

* 2lT* 2x* 2y* = -0.04279 (7) + 0.06993 (7) 
S 

I 

, 
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Appendix 1. D e s c r i p t i o n  of  Computer Program “MPT“ 

The main s t r u c t u r e  of  t h i s  program i s  shown i n  F i g .  4 2  and a 
b r i e f  d e s c r i p t i o n  i s  g i v e n  below. I n  s t e p  1, v a r i o u s  o p t i o n s  
are  provided  so t h a t  examina t ions  can  b e  c a r r i e d  o u t  on t h e  
e f f e c t s  o f  manufac tur ing  errors i n :  

(1) s t a g g e r  a n g l e ,  

( 2 )  b l a d e  shape  n e a r  t h e  l e a d i n g  edge,  and 

( 3 )  spac ing .  

The e f f e c t s  o f  each error can  be  i n v e s t i g a t e d  independen t ly  
of  o t h e r  errors or can  be  examined a l o n g  w i t h  o t h e r s .  A s  
expla ined  i n  t h e  s e c t i o n  2 . 0 ,  it i s  n e c e s s a r y  f o r  t h e  sub- 
sequent  computat ion t o  i d e n t i f y  t h e  p o s i t j o n s  o f  t h e  u n i n t e r -  
rup ted  Mach wave t h a t  are a t t a c h e d  t o  t h e  b l a d e s .  T h i s  i s  
done i n  s t e p  2.  I n  s t e p  3 and 4 ,  t w o  expans ion  f a n  sys t ems  
upstream and downstream of  t h e  bow shock are o b t a i n e d .  The 
t r a j e c t o r y  o f  t h e  bow shock i n t e r a c t e d  by t h e  t w o  expans ion-  
f an  systems i s  o b t a i n e d  i n  s t e p  5. P r e s s u r e  d i s t r i b u t i o n  a t  
a given a x i a l  l o c a t i o n  as a f u n c t i o n  of  p e r i p h e r a l  d i s t a n c e  
is  ob ta ined  i n  s t e p  6 .  I n  t h e  f i n a l  s t e p  7 ,  t h e  F o u r i e r  
a n a l y s i s  of  t h e  p r e s s u r e  d i s t r i b u t i o n  i s  performed t o  deter- 
mine t h e  harmonic components. 

Throughout t h e  program, t h e  u n i t  l e n g t h  i s  t a k e n  t o  b e  h a l f  
of nominal spac ing .  I n  a d d i t i o n  t o  t h e  main program, t h e  
fo l lowing  s u b r o u t i n e s  are needed t o  e x e c u t e  t h e  program. 

Subrou t ine  I S  PRESS 

II INSLOP 

II SHOCK 

II PRAND 

11 INPRAND 

11 FOUCU 

11 TANGEN 

I t  COORD 

II DMACH 

The f u n c t i o n s  of  t h e s e  s u b r o u t i n e s  are as f o l l o w s :  

ISPRESS compute i s e n t r o p i c  p r e s s u r e  r a t i o  between two 
g iven  Mach numbers. 



INSLOP 

SHOCK 

PRAND 

INPRAN 

FOUCU 

TANGEN 

COORD 

DMACH 

given the tangent to the airfoil contour, 
compute the position. 

given the upstream Mach number and wedge angle, 
compute the shock angle and downstream flow 
condition. 

given Mach number, compute Prandtl-Meyer 
function v. 

given Prandtl-Meyer function, compute Mach 
number. 

harmonic analyzer. 

given the position on the airfoil, compute the 
tangent to the surface. 

given the x coordinate of airfoil, compute y 
coordinate. 

given a point in expansion fan, compute Mach 
wave passing through it. 

The following input data are necessary to execute the computation. 

INPUT 

Mach number far upstream 

Far upstream flow angle, measured 
from axial direction, in degrees 

Number of blades 

Number of Mach wave behind the 
unintercepted Mach wave (usually 90) 

Maximum axial distance ahead of 
rotor as ratio to half of the 
nominal spacing 

Number of segment from rotor to 
maximum axial distance 

Number of coefficients of poly- 
nomial representing suction sur- 
face contour (see 15) 

Number of coefficients of poly- 
nomial representing suction sur- 
face tangent versus coordinate 
(see 16) 

FORTRAN SYMBOL 

EMACH 

THETA 

NB 

NS 

YMAX 

NSEG 

NPRO 

NSLO 
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( 9 )  Number of  p o i n t s  between shock 
and u n i n t e r c e p t e d  Mach wave t o  
o b t a i n  p r e s s u r e  p r o f i l e  ( u s u a l l y  
10 1 

( 1 0 )  Spacing o p t i o n  

b l a d e s  
I f  1, d i f f e r e n t  spac ing  between 

I f  2 ,  i d e n t i c a l  spac ing  

(11) Spacing between b l a d e s  as r a t i o  t o  
h a l f  of t h e  nominal s p a c i n g ;  i n  
c a s e  of i d e n t i c a l  s p a c i n g ,  on ly  
f i r s t  spac ing  i s  needed 

( 1 2 )  S tagger  o p t i o n  
I f  1, d i f f e r e n t  s t a g g e r  a n g l e  
I f  2 ,  i d e n t i c a l  s t a g g e r  a n g l e  

(13) S tagger  ang le ,  measured from a x i a l  
d i r e c t i o n ,  i n  deg rees ;  i n  case of 
i d e n t i c a l  s t a g g e r  , only f i r s t  
s t a g g e r  a n g l e  i s  needed 

( 1 4 )  Suc t ion  s u r f a c e  o p t i o n  
I f  1, d i f f e r e n t  s u c t i o n  s u r f a c e  

I f  2 ,  i d e n t i c a l  s u c t i o n  s u r f a c e  
shape 

shape 

(15 )  J t h  c o e f f i c i e n t s  of  polynomial 
r e p r e s e n t i n g  b l a d e  shape of I t h  
b l a d e ,  C ( 1 , J ) ;  y* = C ( 1 , l )  + C ( I , 2 )  
x*--- + C ( I , J )  x*(J-1) 

( f o r  X*, Y*,  see F ig .  4 1 )  
I n  ca e of i d e n t i c a l  s u r f a c e  shape ,  
on ly  C (1, J) is  needed 

( 1 6 )  J t h  c o e f f i c i e n t s  of  polynomial 
r e p r e s e n t i n g  t angen t - coord ina te  
r e l a t i o n s h i p  of  I t h  b l a d e ,  A ( 1 , J ) ;  

X* = A ( 1 , l )  + A ( 1 , 2 ) -  dY* + --- + 
dx* 

(j-1) A ( I ,  J )  (dy*/dx*) 
I n  case of i d e n t i c a l  s u r f a c e  shape ,  
on ly  A (1, J)  i s  needed 

MMM 

ISOP 

SPACG ( 1) 

ISTAGR 

STAGR ( I ) 

IBSURF 

COEFF ( I ,  J )  

SCOEF ( I, J)  



Throughout the program, the value of specific heat ratio, y, 
is taken to be 1.4. In the case of problem involving a gas 
other than air, the value of y ,  designated as GAMMA in the 
program, h a s  to be changed accordingly. 
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Appendix 2 Listing of Program ''MPT" 
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* r, 
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Ui 

LL 
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c3 z 
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d 
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L 
W G  

- z 2  
m a  m 
C P Z  

4 4  
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Appendix 3. Sample Input and Output. 

101 



n 

n 

L 
J 
3 
0 . 

0 
rc 

N 
h 

8 

4J 
1 
0 
L 
u o  

0 * 
t 
- I  
0 
o w  
- I >  
w 4  
> x  

c- 
Z 
W 
E 
(3 
W 
a> 
aL 
0 

ut 
I3 

I 
I- u . 

0 z I 

LLm 
0 8  - 

3 
I 

W 
n 
'0 

(Uh 

n . 
4 

I - 

d 

0 
I 

0 
I 
d 

r) 
a 

O h  

n 

G 
I 

w 
3 

w 
n 
n 

X' h 

n . 
4 

I 
c 

n 
ss 

t97h yi r(h 
0 . 
u 4 

I 

w *  
c 

I - 
0 z 

. . . . . . . . . 
G O O  0 0  0 0 0 0  0 0  

0 
0 

10 2 



N 
G 
I 
U: 
ca 
0 
A 
IC 
U. 
I 

. 
4 
.a 
I 

w 
7 
17 
c, 

.Dh 

.?#. 
& 

I - 

CU 
C 
I , .  Y 

3 
s 
v) 
Ln 

-I -4 * 4 * 4 4 

I a t I I s 

r. 4 4 

0 0 0 0  I I 0 c 0 0  c u  I 
;LI 
rJ 
rJ 
9 
h 

0 
d 

u 
r) 
n 
c 

- A  
N *  

I 
d 

rrl 

n 
n 
. -  
'C 

N h  
N .  

I 
4 

.i 
n 
n 
0 

( Y .  
4 

m 

w 
n 
m 
t 

L n h  
N .  

I 
- 

W n 

. . . . . . 
0 0 0 0  0 0 0 0  0 0  



N 
0 
I 

'Jl 3 

;r: I 

C 
M rn . 
+ 
0 
I 
IAI 
n 
c) 
9 

O h  
n .  
I 

- 

N 
0 
I 
ui 
0 
0 
v) 
m . 
In 
I 

4 

0 
I w n 

m .. 
c 

N h  
r> 

4 

8 

L 

(u CY 
0 0  

LU 
0 
I 
w 
3 
0 

IF 

in 
I 

N 
0 
I 
w 
3 
0 * 
v. 
m 
I 

. 
.-I 
0 
I 
w 
n 
P) 
\3 

O h  
n .  
d 

8 

N 
0 
I 
w 
3 
a 
fU7 
In 
v) 
I 

. 
c( 

0 
I 

w 
0 
R 
a 

hh a 
n .  n 
d 

8 8 - w 

. . . . . . . e . 
0 0 0 0 0 0 0  0 0 0  

104 

N 
0 
I 

( r l  
0 - 
0 
v, 
m 

e 
m 
I 

4 
0 
I 

W 

0 
Q 
h 

n 

e 
d 

a 
0 



s 
0 

W 
0 
0, 
0 

r (0  
0 

0, 
a t  
- 0  

0 

W 
9 
Q 
co 
v) . 
r( 

0 
0 

W 
0 
V- 
0 

O l G  

0, 
8 8  

- 0  
0 

W 
0 
cc 
Q In 

. 

e 
d 

o 
0 

W 
0 
0 
0 . 
0, 

u t  
-0 

0 

W 
9 
e 
Q 
n . 
d 

0 
0 

w 
0 
m 
0 

P O  
0 
m 

a 1  

- 0  
0 

w 
Io 
5 
e 
v) . 
..I 

0 
u 
W 
0 
m 
0 

n o  
e 
m 

8 8  

- 0  
0 

W 
9 
4) 
Q 
Ln . 
d 

0 
0 

W 
0 
(z 
0 

w o  
0, 

a t  

- 0  

. 
c1 

W 
ro 
L; 
5 
v) . 
d 

3 
0 

w 
0 
P 
3 

m o  
m 

a 1  

- 9  
0 

w 
0 
al 
Q 
m 

. 

. 
..I 

3 
0 

AJ 
0 
cn 
n 

-0 
“ 0  

0, 
a 1  
- 0  

ti 

W 
9 
ai 
5 
In . 
c. 

V 
c 

W 
0 
m 
0 

(vc 
- 4 .  

01 
0 1  

-0 
c 
W 
0 
e 
Q 
ul . 
e 



- 0  
C 

10 6 



o n  0 0 0  3 0  0 0 3  
0 0 0 0 0  O O O Q O  



In 
d 

I 

w 
w * 
3 

I 
0 
< 
x 
0 
w 
c 
w 
U 

W 
t- 
2 

2 
3 

n 

a 

- 
a 
a 
z 

Y 
0 
0 
I 
n 
< 
z 
w 
w 
3 

d 
a 
v) 
I- 
7 

0 
- 
a 
IL 
3 

w 
3 

. 
9 

w w 
0 3  
3 3 
Q Q  
n n .. 
0 9  

'4 
3 
3 
3 n . 
0 

w 
0 
D 
D 
In . 

d J W  
33 
3 3  
'3 3 
in n .. 

0 

AI 
3 
n 
3 
n 
0 

J 
3 
3 
3 
.n 
0 
.. 
0 0  

&I 
3 
3 
3 
n . 
'0 

d 
3 
D 
3 
n 
0 
. 

J 
3 
3 
3 
.n . 
0 

Ll 
3 
J 
3 
dl 

0 
. 

Ll d ' I I  rl d iJ d 
3 3  3 2.30 3 
3 3 3 5 3 3 3  
3 . 3  3 3 3 3 0 
n n n n n n n  ....... 
9 0 0 0 0 0 5  

4 
3 
3 
3 
in . 
0 0 

4 Id .AI 
3 3 3  
3 3 3  
3 3 3 3  

. . e  
n n n  
0 0 0  0 0  

Ln 
irl 
D 

J 
P 

d 
I 
I- 

z 0 0 0 c10 0 3 0 u CI 0 3 0 Q 0 n 3,3  0 0 3 0 c 3 0 0 CJ 0 0 0 Q '3 D 0 0 3 c Q 

a 

W O O C O U O O O O O O O U O G O D O O O O O O O O O O ~ O O ~ O O O O O ~ O  

0 
2 



W u 
z 

X 
W C  
:n n 

&I 
-I 

iL 
3 
w 

I 

a 

W 
X 

u) 
z 

rl 

cn -. 
a 
w 
xl 
r: 
3 z 
w 
J 



z 
D 

c 

4cl 
I N  

w 
z 
c - 
z 
3 

w 
r 
(L 

Y .  - 
UJ) IL 
3 0 
I U 
v) P 

* 
0 
z 
W N  

J 

n 

m 

(c h N f i t  N CU CU N 

LL 
0 

a 
w 
m 
1 
3 
2 

(Y 

v1 
.II 

a 



z 
0 - 
I- 
-. 
cn 
0 
L 

LL 
3 

lr 
w 
U 
z 
3 
7 

a 
w 

(L 
0 
Q 
b 

a 
0 
2 

11.1 



d 
=-h 
u n  

CY 
w 
n 

U 
n 

P 

. 
c? 
2 

112 



W 
'a z 
< 
t 
v) 

z 
z 
3 

- 

t 
n 

w 
* a 

I 

> 
Ca 

LL 
3 

- 
a 
m 
W 

L 
3 
7 



c 

4 
n 

LL 
3 

7 

a 

0 
2 

J 
m 

1-14 



t 
n 

h 

a 
n w 
?: 
3 z 

iA c 
a 
a 

J 
m 



I- - 
cn 
0 
P 

c E 
- 0  3 
0 6  7 

L .  - 
O h  LL 

W 
X * 

0 

Q) 
II 

L 
0 

Q 
a 

116 



L 
0 

v- 
L. 

w w 
x 

(P 
z 
C 

I 

3 

Lr 
0 

X 
h' 

x 
3 
I 

n 

0 z 
U O  
D 
4. 
J 
m 



3 
M 

4 

m 
3 
lA 

.AI 
W h  
< a  
I N  

m 

M 
i* 
II 
a 

3 
0 
N 
0 
G . 
m 
4 

P P  
h t  
U h  
o w  
0 0  .. 

r) 
9 
9 :c 
N 

a 
. 
.-I 

m 
n 
0, 
N * 
Q! 
. 

r( 

c) 

N 
h 
9 

4) 

- 
d 

Q, 
0 
n 
N 
c 
0 
d 
h 

4) 
. 
d 

0 9  

u 
m 
d 

0 9  
nh 
O h  
m o  
0 -  

3 r m  
.. 

d r .  

0 

9 
9 
(v 

m 

.-I 

. 
d 

N 
IF 
n 
(u 
.c) 

3 
4 

m 
d 

0 0  
KlO 
m - r  
m o  
6.0 . .  
m o  
4 N  

- 
3 

(L 
0 

X 

a - 

w 
J 
I 

h b  
0 
a a 

w C' 
0 4  
I 
J 
m 

1.1 8 



L 
0 .- 

F.0 
ncv 

7 
0 - 
Y .  
0 t3 
O N  
I 
v) 

W . . . . . . . . . . . . . . . . .  
1 0 0 0 0 0 0 0 0 0 0 0 D 0 0 0 0 0  
PN"NNN~N~N.F1NN.F1NNN ... 
X 
W a 

iL 
0 
a 
a 



z 
0 

z 
z 
3 

H 

I- 
a n  
L 3  

0 
AI L? 
Y 3  
3 .  
m r 4  
v) 
'X I  
.Y 
a 

r) 

3 
. e  
4 

Q 

r) 
3 
3 

4 

e 
4 

Q 
9 
N - 
3 . 
r. 

tv 
4 : 
3 . 
rl 

3 h 
41 

0 
3, 

9 

n . 
N 
9 
n 
c 
m 
3 

P 
7 . 
3 

h 
0 * 
h 

-Y 

+ 

rn 
5 

3 

- 
c 

.3 N 0 x U 
C O P  

W 
J .-. 

. 
0 
2 

LCN 

* 
J 

a -  

m 



z 
0 - 
c 

u) 
3 
a 

z 
3 

L 
3 

U 
w 
m 
I 
3 
7 

w 
J 

Y c 
U 

- 
a 

121 



I- - 
v) 
3 
a 

* 
n >h 

I N  
a 

< n  

a.ii 
W .  
- 3  
0.r: 
J 
ti 
Y 
W 

z 
z 
3 

- - 

cn 
7 

N 
(v 
9 
0, 
tn 

rD 
N 

. 
4) N 
4) 
N 
h 

10 
N 

n 
(v 

4 

a, 
cn 
0 
0 

h 
N 

. 
N 
m 

h 
0‘ 
fi 
rc 
m . 
h 
(v 

3 
N 
e 
n 
h 

N 
ni 

0 
C 
n 
Ct 
n . 
w 
N 

ct 
0, 
r3 
10 

a 

4 
n 
3 

,+ 
n 
(v 

.. - . .  . 
V 
N 

hh 
N N  

0 
N 

09 
C Y N  

w 
N LA. 

3 

s 
f 

Ir 
D 

I 
Cn 

a 
a 

a 

w 
4 

(L c 
a 

c. 

a 



z 
0 - 
Id 

W 
0 
fY 

W 
X 
0. 

o r  
o m  

0 
D t L  

3 

W 

L 
3 
2 

m 

in 
4 

iL 
0 a 
a 

123 



w 
< 
a 

u) z 
0 

LL 
0 

. 
0 z 



L 
0 

m 
3 
n 
w 
D h  
< Q  
I t  

0 
Q 
W 
t 
z 

W 
0 z 

W........... 
X M N N W N N N N N N N  
a n n n n n n n n o n n  
I 

a 
a W 

7 
n 

W 
X 
< 

(L 
3 

0 
z 

125 



W 
L ' I  
O P  

Q 
W 
a. 

P 
n 

a 
w 
E 
3 
2- 

a 

w 
J 

(L 
(3 

P 

c. 

a 



I 

L 
0 

u) 
3 
(L 

z 

rn 
c 
a. 
i 
u 

!Y 
w 
aL 
3 z 

m 



z 
0 

w n * 

X 
W 
rn 
I 
3 

J 
m 

128 



w 
0 
2 
c 
I- 

cr 
n 

w 
5 
4 

w 

3 z 

n 
r 

. 
0 
2 

129 



0 - 
c 
4 

m 
0 
a 
w 

iLI 
0 
z 
a 
c 

- 
n 
w 
a 

LL 
0 

(L 
W 
m 
I 
3 
7 



z 
0 

Irl 
0 

W 
I- 

a 

2 

W 
0 
z 
< 
I- 

IL 
3 

[L 
W 

I 
3 
7 

m 

0 
2 

o w  
w n  

LL 
0 
[L 
n 

131 



z 
3 .-. 
!- 
A 

cn 
3 
a 

ID 
35) 
W .  
I - 3  
a m  

2 
3 

W . . . . . . . . . . . . . . . . . . . . . . . .  
I tn 9 ;O 9 0 Q 9 Q 0 ‘0 a 0 Q 0 9 0 *D Q ‘42 Q h h h 
~ Q 9 U Q 9 0 Q ~ Q Q U f 0 Q U Q Q 9 Q Q Q Q 9 W  
M 

a 
a 
d 

z r  
o w  

0 7  0 

Q ) P  
x f x  

. 
0 
z 

W 
X 
a 
v) 
z 
0 

(L 
3 

9 Q Q V Q C ) Q Q Q W  
N N N N N N W N N N  

Lr 
0 

J 
m 



L 
0 
.-. 

I -  

rJ 
0 

W 
c 
7. 

a 

1 
n 

m a 

cn z 
0 

(I) 

> 

L. 

-. 
" 
a 
IL 
0 

a 
W m 
I 
3 
L 

n 
N 
cn " 
a 
W s 
L 
13 z 
w 
J 

0 
z 
w m  
a 
m 

R N  

J 



z 
3 

+- 
.1 - 
m 
n 0 

m 
O M  
W .  

0 
(L 
w 
c 
7 
I 

2 
3 

z 
3 " 
c 
-a 
a 0  
O v )  
a d  
a 

Y .  
UP) 
O v )  
I m 

W 
0 z 

W . .  
x m o  
0 9 0  
I 

K 
W 
P 

u 
w m 
r 
3 
z 

9cl 
W "  
-I 
I 

iL 
0 
P 
a 

0 
N 

m 
I 

a 
W 

Lr 
0 
K 
P 

* 
0 
z 

J 
m 



LL 
3 

X 
W 
m 
I 
3 z 

h h h h h h h h h h h h h  
XNNtUNNNCUlWNNNN 

W h  
n(v 

LL 
G 

P 
a 



m 
W 
a 

U 
Lrl 
m 
I 
3 
2 

a 
cy 

W 
7 

1.36 



0 
L 

W 
0 
(L 
W 
I- 

z 
0 

V 
n 

W 
X 
U 

(L 
3 

A 
0 

b 
a 

W O  
C N  * 
J m 



I- 

9 
9 
3 
3 . 

9 3 
nc4 
N G  
r ) N  - .- 
31) .. 
4.4 

W 
N 
OI 
3 . 

4 4 

h 
.3 
0, 
4 
3 . 
-4 

J 

-4 

3 

a 
J 
0 

4 

. 
* 

LL 
G 
5 
C L  



z 
0 

0 
.3) n 
d .  

- 
7 - 
3 

W 
0 z 

-. 
a 
a 
w 

(L 
3 

a 
w 

iL 
0 
a n 

0 z 
w -  
nn 
J 
m 



z 
0 - 

w 
0 
z 
I- 
a 

I 

- 
a 
a 
W 

W 
Q 
< 

LL 
0 

Q 
W 
m 
I. 
2 
2 



0 

c 
(3 
XLI? 

II 

3 
h 
0 
-& 
0 

4 

0 r) 0 
O 
N 
?y 
0 
e 
4 

0 
'11 
N 
4 
3 . 
4 

No) 
9 
M 
'y 

- 
N 
0 
=J . 

r> - 
6 0  
30 

0 
w a  
cxo 
3 .  

0 
e 
r. 4 4 4  

c 
I-. 
cn 
0 
a. 

0 
9ln 
W .  

W 
0 

G = n  
n o  

cx 
w 
ai 

o n  n n nr, ra r) n n rd n n nn n n n o  
n n  n n r ) r ) ~ n  m m o  n R n q m  a M n o  

LL 
0 
a 
a . 

0 z 



z 
3 
-. 

3 
Y .  
OJI 
39 
I 
v) 

L L I  

r 
a 

W 

< 
a 

(L 
0 

t 
r)' 

Q) 
II 

(L 
0 

a. a . 
0 z 
U P  

< 
J 

a n  

m 

14.3 



W 
> w  
(10 
I *  

0 
3 i n  

0 
z 
w 

W 
0 z 
I 
c cn 

z a  
o w  
- 6 1  

a 
W 
P 
I 
3 
2 

LL 
0 
a 
a . 

0 z 



z 
0 - 
c 
-. 
m 
3 
u. 

I 

a 
W 
a w 

a3 

10 n 

0 
z 
W I D  
O r ,  

144 



a w  
a m  0 

O h  0 

v) P 
X a 

W 
Y 
a 
V, 

. 
3 z 



< 
0 

J 
= - c  

J 
V 
I 
ir' 

I 
c 

Q 
'? 

J 
m 

14 6 



V I S  
C t O  
O C O  
3 c o  
'3 c 3 
0 0 0  
0 3 Q  
c c o  ... 
s e t i  

4 3  
v o  
00 
3 c  
3 3  
00 
5 3  
C C  

cic3 
.. 

9 - 4  
0 0 0  
D U O  
a 0 0  

0 
0 
0 
0 
0 

(34 - 0  
0 0  
0 0  
0 0  
00 
0 0  
0 0  
00 

0 0  
.. 

0 
0 

' 0  
0 
0 
0 
0 
0 . 
0 

N 
0 
0 
0 
0 
0 
0 
0 
e 
0 

-.N 
O d  

0 
0 
0 
0 
0 
0 
0 
0 

0 

4 
0 
-;no 
0 0 0  
3 0 0  
0 0 0  
0 0 0  
0 0 0  
030 
0 0 0  

NR-8  
0 0 0  
0 0 0  

R 0 
0 4  
0 0  
0 0  
30 
0 0  
3 0  
0 0  .. 
0 0  

-4 
M 
0 
0 
0 

-r 
0 
0 
0 
0 

4 0  
0 0  
0 0  
0 0  

0 
0 
0 
0 
0 
0 

(Yd o n  
o m  

0 0  
0 0  
0 0  
0 0  
0 0  

0 0  
0 0  
0 0  
0 0  
0 0  

0 
0 
0 
0 
0 

z 
3 a 0 0  0 0 0  

0 0 0  
0 0 0  
0 0 0  
. e .  

- _  
o w  
O Q  a o o  

a o o  
s o 0  
e.. 

0 
3 
0 

0 

0 0  
0 0  
0 0  
. e  
0 0  

0 
0 
0 

0 
3 
0 
. a .  
0 0 0  

T 
3 
3 

0 4  
0 0  0 

e 
0 

0 0  
e .  
0 0  

a c  .. 
0 0  

0 

0 
. . e  
0 0 0  LL a o o  0 0 0  0 

w 
u 
4. 
3 
'3 
m 

n 
0 

. 



SAMPLE CALCULATIONS 

A s a m p l e  c a l c u l a t i o n  f o r  t h e  s p a c i n g  error d i s t r i b u t i o n  s t u d y ,  
A-1 of T a b l e  2 ,  i s  l i s t e d  h e r e .  T h e  f l o w  da ta  a n d  a i r f o i l  s h a p e s  
are t h o s e  l i s t e d  i n  T a b l e  1. 

EMACH 

THETA 

NB 

N S  

YMAX 

NSEG 

NPRO 

NSLO 

MMM 

ISOP 

SPACG ( I) 

ISTAGR 

STAGR ( I ) 

IBSURF 

= 1.4 

= 72 

= 38  

= 9 0  

= 1 0 . 0  

= 5  

= 3  

= 2  

= 15  

= 1  

= see A - 1  of Table 1 

= 2  

= 65.0 

= 2  

COEFF(1 , l )  = 0 

COEFF ( I ,  2 )  = 0 . 1 7 6 3 3  

COEFF( I ,3 )  = -0 .0555  

SCOEF(1 , l )  = 1 . 5 8 8 5 5  

SCOEF(I ,2)  = -9 .009  
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I n  t h e  o u t p u t ,  f i r s t  t h e  i n p u t  da ta  a r e  p r i n t e d  o u t .  A f t e r  
t h a t ,  t h e  p r e s s u r e  d i s t r i b u t i o n  a t  a g iven  a x i a l  d i s t a n c e  up- 
stream of  t h e  ro tor  w i l l  be  g iven .  "SEGMENT NUMBER N "  d e s i g -  
n a t e  t h e  p r e s s u r e  d i s t r i b u t i o n  a t  a n  a x i a l  d i s t a n c e  e q u a l  t o  
YMAX x N/NSEG. Next t h e  p r e s s u r e  d i s t r i b u t i o n  w i l l  b e  g iyen  
b l a d e  a f t e r  b l ade .  "PROFILE NUMBER" is n o t  e q u a l  t o  b l a d e  
number. For  example, t h e  p r e s s u r e  d i s t r i b u t i o n  a t  p r o f i l e  
number 1 means t h e  p r e s s u r e  d i s t r i b u t i o n  between t h e  shock 
waves emanating f r o m  t h e  second and t h e  t h i r d  b l a d e s .  "PERIPH- 
ERAL DISTANCE" i s  measured from t h e  i n t e r s e c t i o n  of t h e  bow 
shock emanating from t h e  second b lade  and t h e  a x i a l  d i s t a n c e  
upstream o f  rotor  i n  q u e s t i o n .  "PRESSURE RATIO" i s  t h e  r a t io  
of  s t a t i c  p r e s s u r e  t o  t h e  s t a t i c  p r e s s u r e  a t  i n f i n i t y .  The 
p e r i p h e r a l  p o s i t i o n  of t h e  shock and u n i n t e r c e p t e d  Mach wave 
are p r i n t e d  under t h e  heading  of "SHOCK POSITION" and 
"UNINTERCEPTED WAVE POSITION". The o r i g i n  of t h e s e  p o s i t i o n s  
are t h e  l e a d i n g  edge of t h e  second blade.  A f t e r  t h e  p r i n t -  
o u t  of p r e s s u r e  p r o f i l e s ,  t h e  harmonic c o n t e n t  of  t h e  p r e s -  
s u r e  d i s t r i b u t i o n  are  g iven .  "HARMONICS" d e s i g n a t e s  t h e  
harmonics of  s h a f t  f requency.  "SQUARE OF FOURIER COEFFICIENTS" 
i s  t h e  (ampl i tude  of N-th harmonics x 2 ~ ) ' .  Sound power 
l e v e l  of t h e  harmonics,  t h e  BPF a s  base,  i s  l i s t e d  under  t h e  
heading of  "DIFF. DB". 


